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Health effects associated with consumption 
of processed meat, sugar-sweetened 
beverages and trans fatty acids: a Burden of 
Proof study
 

Demewoz Haile    1  , Kassandra L. Harding1, Susan A. McLaughlin1, 
Charlie Ashbaugh1, Vanessa Garcia1, Nora M. Gilbertson1,2, Hewan Kifle1, 
Marie C. Parent    1,2, Reed J. D. Sorensen1, Simon I. Hay    1,2, 
Aleksandr Y. Aravkin1,3, Peng Zheng    1,2, Jeffrey D. Stanaway    1,2, 
Christopher J. L. Murray    1,2 & Michael Brauer1,4

Previous research suggests detrimental health effects associated with 
consuming processed foods, including processed meats, sugar-sweetened 
beverages (SSBs) and trans fatty acids (TFAs). However, systematic 
characterization of the dose–response relationships between these foods 
and health outcomes is limited. Here, using Burden of Proof meta-regression 
methods, we evaluated the associations between processed meat, SSBs and 
TFAs and three chronic diseases: type 2 diabetes, ischemic heart disease (IHD) 
and colorectal cancer. We conservatively estimated that—relative to zero 
consumption—consuming processed meat (at 0.6–57 g d−1) was associated 
with at least an 11% average increase in type 2 diabetes risk and a 7% (at 
0.78–55 g d−1) increase in colorectal cancer risk. SSB intake (at 1.5–390 g d−1) 
was associated with at least an 8% average increase in type 2 diabetes risk and 
a 2% (at 0–365 g d−1) increase in IHD risk. TFA consumption (at 0.25–2.56% 
of daily energy intake) was associated with at least a 3% average increase in 
IHD risk. These associations each received two-star ratings reflecting weak 
relationships or inconsistent input evidence, highlighting both the need for 
further research and—given the high burden of these chronic diseases—the 
merit of continuing to recommend limiting consumption of these foods.

Ultra-processed foods high in calories, sugars, unhealthy fats and salt 
have been linked to a variety of adverse health outcomes1,2. Processed 
meat, sugar-sweetened beverages (SSBs) and trans fatty acids (TFAs) are 
widely consumed ultra-processed foods that are consistently associ-
ated with increased chronic disease risk3,4. The Global Burden of Dis-
eases, Injuries, and Risk Factors Study (GBD) 2021 estimated that diets 
high in processed meat contributed to nearly 300,000 deaths globally 
in 2021 and over 10 million disability-adjusted life years (DALYs, which 

combine years of life lost and years lived with disability); diets high 
in SSBs and TFAs were estimated to contribute to approximately 3.6 
million and 2.5 million DALYs, respectively5.

Processed meats, preserved by smoking, curing, salting or the 
addition of chemical preservatives, can contain harmful compounds, 
such as N-nitroso compounds6, polycyclic aromatic hydrocarbons 
(PAHs)7 and heterocyclic amines8. High consumption of processed 
meats has been linked to chronic diseases such as heart disease, type 
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from 4.6 years to 40 years. Most of the studies (n = 12)28,30–35,37,38,40–42  
used type 2 diabetes incidence as the endpoint to estimate effect sizes, 
while four studies27,29,36,39 considered both diabetes incidence and mor-
tality as endpoints. Six studies29,35,37,38,41 determined outcomes using 
administrative medical records, disease registries or death certificates; 
five studies used self-reported incidence30,34,38,41,42; three cohort studies 
used biomarkers28,29,32; and two cohorts used physician diagnosis37,40. 

2 diabetes and colorectal cancer. It is hypothesized that this is due to 
an increased visceral fat index9, inflammation10–12 and the potential for 
factors such as N-nitroso compounds, PAHs and heterocyclic amines to 
induce tumors13–16. SSBs encompass a wide range of beverages including 
sodas, fruit drinks, sports drinks, energy drinks, and sweetened teas 
and coffees, and they compose the primary source of added sugars in 
many people’s diets17. High consumption of added sugars, particularly 
in liquid form, is associated with weight gain and increased risk of 
obesity, type 2 diabetes and ischemic heart disease (IHD)18. SSB con-
sumption has risen globally during the past three decades, with the 
steepest increases in low- and middle-income countries19. TFAs are a 
type of unsaturated fat occurring naturally in small amounts in some 
meat and dairy products, but are also produced artificially to convert 
vegetable oil from a liquid to a solid via hydrogenation. Artificial TFAs, 
inexpensive and shelf-stable fats used in many processed foods and 
baked goods20, have been associated with increased risk of systemic 
inflammation21 and cardiovascular diseases22–24.

Because processed meat, SSBs and TFAs are widely available and 
their consumption is commonplace, it is important to rigorously char-
acterize the dose–response relationships between intake of these 
foods and the risk of prevalent chronic diseases, and to systematically 
evaluate the strength and consistency of evidence supporting these 
associations. Here we performed updated systematic reviews and 
meta-analyses using Burden of Proof methods to characterize relation-
ships for dietary risk factors—specifically processed foods—and related 
health outcomes. Our present analysis examines the associations 
between processed meat consumption and three health outcomes 
(type 2 diabetes, IHD and colorectal cancer), between SSB intake and 
two outcomes (type 2 diabetes and IHD) and between TFA consump-
tion and one outcome (IHD). These risk–outcome pairs were selected 
based on their inclusion—initially predicated on World Cancer Research 
Fund grades of convincing or probable evidence—in GBD 2021[5]. To 
accurately and reliably capture disease risk across the full intake range 
observed in input studies, we used Burden of Proof meta-regression 
methods25 designed to (1) flexibly model risk–outcome associations 
that may not be linearly related across the entire relative risk function 
and (2) conservatively estimate relationships, accounting for consist-
ency and inconsistency across input study findings. Results and policy 
implications of this study are summarized in Table 1.

Results
Overview
In this study, we conducted systematic reviews and meta-analyses to 
evaluate the dose–response associations between processed meat con-
sumption and three chronic disease outcomes (type 2 diabetes, IHD 
and colorectal cancer); between SSB consumption and type 2 diabetes 
and IHD; and between TFA consumption and IHD based on Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines26. The PRISMA workflow diagrams for processed meat are 
described in Extended Data Figs. 1–3. The PRISMA flow diagrams for 
the SSB and TFA systematic reviews are described in Extended Data 
Figs. 4–6. Further details on our search strategy and inclusionary and 
exclusionary criteria are detailed in Methods, Supplementary Sections 
1–3 and Supplementary Tables 1–4. The characteristics of the studies 
included in these systematic reviews are presented in Supplementary 
Table 5. The definitions of bias covariates (Supplementary Table 6) and 
the bias covariate scores of each study are reported in Supplementary 
Tables 7–9. Most of the studies adjusted their effect size for age, sex, body 
mass index (BMI) and energy intake (Supplementary Tables 8 and 9).

Processed meat consumption and type 2 diabetes
Our analysis of processed meat consumption and type 2 diabetes 
included 96 observations from 15 prospective cohort studies27–41 and 
one nested case–control study42, which included a total of 1,115,885 par-
ticipants and 64,607 type 2 diabetes events. The follow-up period ranged 

Table 1 | Policy summary

Background Previous research has indicated adverse effects of 
processed meat, SSB and TFA consumption on chronic 
disease outcomes. However, confidence in these 
findings has been limited by heterogeneous findings 
across research studies. In this meta-regression, we 
examined the relationships between processed meat 
and risk of type 2 diabetes, IHD and colorectal cancer; 
between SSBs and type 2 diabetes and IHD; and 
between TFAs and IHD. Using Burden of Proof methods 
that flexibly model nonlinear relationships and quantify 
and incorporate between-study heterogeneity, we 
generated measures that capture the strength of the 
input evidence and provide conservative estimates of 
association to more accurately and reliably identify 
adverse risk–outcome relationships.

Main findings and 
limitations

On the basis of our conservative interpretation of 
available data, we found that consuming processed 
meat at levels between the 15th and 85th percentiles 
of exposure observed in the data analyzed was 
associated, on average, with at least an 11% increased 
risk (at consumption levels between 0.6 g d−1 and 
57 g d−1) of type 2 diabetes and 7% increased risk 
(0.78–55 g d−1) of colorectal cancer. SSB consumption 
was associated with at least 8% (1.5–390 g d−1) and 2% 
(0–365 g d−1) average increases in risk of type 2 diabetes 
and IHD, respectively. TFA consumption at 0.25–2.56% 
of daily energy intake was associated with at least a 
3% average increase in IHD risk. In the Burden of Proof 
framework, these associations are rated as relatively 
weak two-star relationships, reflecting small effect 
sizes and/or lack of consistent evidence. We found a 
weaker one-star association between processed meat 
and IHD that did not support calculating percentage 
change in IHD risk; this finding may change with the 
addition of new evidence. Importantly, we observed, 
for all risk–outcome pairs analyzed, a monotonic 
increase in risk of the specified disease outcomes at 
all levels of consumption, with the steepest increases 
in risk occurring at exposure levels approximately 
equivalent to one serving or less for each dietary risk 
factor. The primary limitations of our meta-analysis 
were based on observational studies, which are prone 
to residual confounding, and the fact that the dominant 
exposure assessment method—the FFQ—is susceptible 
to measurement errors.

Policy implications This study found evidence—under a conservative 
interpretation of the available data—to justify 
robust efforts and policies to promote the reduced 
consumption of processed meat, SSBs and TFAs, 
particularly industrially produced TFAs, to reduce 
the risk of chronic diseases. Our finding supports 
the recent initiative of the WHO to ban industrially 
produced trans fats and their call to tax SSBs to 
reduce diet-related noncommunicable diseases. Our 
observation that the greatest increases in disease 
risk occurred at low intake levels suggests that even 
lower levels of habitual consumption of these dietary 
risk factors are not safe. Policies promoting access to 
and affordability of healthier food options could help 
mitigate the risks associated with the consumption of 
processed meats, SSBs and TFAs. Therefore, efforts 
must be intensified to increase public awareness and 
policy action to reduce the consumption of these 
dietary risk factors and promotion of healthier food 
options. Future meta-analysis studies should prioritize 
examining the relationship between processed meat 
consumption and IHD, as the existing evidence, when 
interpreted conservatively, is weak.
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All studies adjusted their effect size measure for age and sex. All studies 
except one adjusted for smoking. Other common adjustment variables 
included energy intake (n = 13)28,30–35,37,38,40–42, alcohol consumption 
(n = 12)27–30,32,33,36–38,40–42 and BMI (n = 14) 27–30,32–36,38–42.

We observed a statistically significant, nonlinear, monotonic 
increase in type 2 diabetes risk associated with higher processed meat 
consumption; that is, disease risk increased with increased intake 
at all intake levels but, for a given unit increase in consumption risk, 
increased most steeply at lower intake levels (Fig. 1a). The mean 
relative risk (RR) of developing type 2 diabetes was 1.30 (1.12–1.52) 
at a daily intake of 50 g of processed meat compared with the theo-
retical minimum risk exposure level (TMREL; equal here to 0 g d−1 or  
no consumption).

As a complement to the main RR function, we generated a conserv-
atively derived Burden of Proof risk function (BPRF), which, averaged 
across the central part of the exposure range, yielded an estimate of 
1.11, indicating that consuming processed meat in the range of the 15th 
to 85th percentiles of exposure (0.6–57 g d−1), compared with consum-
ing no processed meat, was associated on average with at least an 11% 
higher risk of type 2 diabetes. This BPRF equated to a risk–outcome 
score (that is, the signed value of the average log(BPRF)) of 0.10, cor-
responding to a two-star rating within the Burden of Proof framework. 
We observed asymmetry in the funnel plot (Fig. 1a), and the result of 

Egger’s regression suggested statistically significant evidence of publi-
cation or reporting bias (Egger’s regression P value = 0.0001) (Table 2). 
We found that trimming had a substantial effect on the risk–outcome 
score: without trimming, the risk–outcome score increased to 0.14 
suggesting that the conservatively estimated association between 
processed consumption and type 2 diabetes is relatively sensitive to 
outliers (Extended Data Fig. 7a and Supplementary Table 17).

Processed meat consumption and IHD
In the processed meat consumption and IHD systematic review, we 
included 11 prospective cohort studies36,43–52 representing a total of 
1,173,821 participants and 31,549 IHD events. The median (range) 
follow-up period was 14 years (8–30 years). Most of the studies used 
incidence and mortality as the endpoints36,43–46,48,49, based on administra-
tive medical records, disease registries or death certificates36,43–46,48–52. 
All of the studies adjusted their effect size measure for age and sex. 
Most of the studies adjusted for physical activity (n = 9)36,43,44,46–51, 
BMI (n = 9)36,43–46,48–51, smoking (n = 10)36,43,44,46–52 and energy intake 
(n = 8)43,44,46–51.

We observed a weak, nonlinear, monotonic increase in IHD risk 
associated with processed meat consumption when accounting for 
between-study heterogeneity (Fig. 1b). We estimated the RR to be 1.15 
(0.97–1.36) at 50 g d−1 consumption of processed meat compared with 
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Fig. 1 | Relative risk of processed meat consumption on type 2 diabetes, IHD 
and colorectal cancer. a–c, The log(RR) function, the RR function and a modified 
funnel plot showing the residuals (relative to 0) on the x axis and the estimated 

standard error that includes the reported standard error and between-study 
heterogeneity on the y axis, for type 2 diabetes (a), IHD (b) and colorectal cancer 
(c). UI, uncertainty interval.
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no consumption (Fig. 1b and Supplementary Table 14). Our conserva-
tive analysis yielded a risk–outcome score of −0.001, corresponding 
to a one-star rating, indicating a weak association after accounting for 
between-study heterogeneity. We did not find significant evidence of 
publication or reporting bias, and visual inspection of the funnel plot 
provided no evidence of substantial bias. The risk–outcome score calcu-
lated without trimming was consistent with the model using trimming 
(risk–outcome score = −0.01), which indicates that the model is insensi-
tive to outliers (Extended Data Fig. 7b and Supplementary Table 17).

Processed meat consumption and colorectal cancer
In the meta-analysis that examined the association between processed 
meat consumption and colorectal cancer, we included 18 prospective 
cohort studies53–70 with a total of 2,678,052 participants and 30,259 
colorectal cancer events. The median (range) of follow-up was 9 years 
(5–27 years). Most of the studies (n = 15)53–58,60–63,65,66,68–70 used inci-
dence of colorectal cancer as an endpoint, and the remaining three  
studies used both incidence and mortality. Most of the studies 
(n = 14)53,54,56–58,60–63,65–67,69,70 used administrative medical records or 
disease registries to determine the occurrence of colorectal cancer. 
All studies adjusted their effect size measures for age and sex. Most 
of the studies adjusted for BMI (n = 14)53,55,56,58,59,61–66,68–70, smoking 
(n = 14)53,55,56,58–62,64,66–70, education (n = 11)53,55,56,58–60,63,65,66,69,70, energy 
intake (n = 15)53–61,63–68, physical activity (n = 13)53,55,59–62,64–70 and alcohol 
intake (n = 14)53,55,58–64,66–70.

We observed a statistically significant nonlinear monotonic 
increase in colorectal cancer risk associated with higher processed 
meat consumption (Fig. 1c). The mean RR of developing colorectal 
cancer risk was 1.26 (1.08–1.47) at a daily intake of 50 g of processed 
meat compared with the TMREL (that is, no consumption). We esti-
mated the exposure-averaged BPRF to be 1.07, indicating that con-
suming processed meat in the range of the 15th to 85th percentiles 
of exposure (0.78–55 g)—compared with consuming no processed 
meat—was associated with at least a 7% higher risk, on average, of 
colorectal cancer. The risk–outcome score (0.07) equates to a two-star 
rating, indicating a weak association between processed meat and 
colorectal cancer when accounting for between-study heterogeneity. 
We did not find significant evidence of publication bias. We found that 
using untrimmed data impacted between-study heterogeneity and 

notably influenced the risk–outcome score (0.02) but did not change 
the star rating of the strength of the evidence (Extended Data Fig. 7c 
and Supplementary Table 17).

SSB consumption and type 2 diabetes
Our analysis of SSB consumption and type 2 diabetes included 92 
observations from 18 prospective cohort studies71–88 and one nested 
case–control study89, representing a total of 563,444 participants and 
39,505 type 2 diabetes events. All studies used type 2 diabetes inci-
dence as the endpoint to estimate effect sizes. A total of 14 studies 
used self-reported incidence71,73–77,79–84,87,89; 2 studies72,78 used adminis-
trative medical records, disease registries or death certificates; and 1 
study88 used physician diagnosis to determine the outcome. All studies 
adjusted their effect size measure for age, sex, BMI and physical activ-
ity. All studies71–87,89 except one adjusted for smoking. Other common 
adjustment variables included energy intake (n = 14)71–76,78–80,84–87,89, 
alcohol consumption (n = 14)71,73–75,77,79,80,82–87,89, education level  
(n = 14)71–74,76,77,79–84,87,89 and hypertension (n = 8)10,71,73–75,83–85.

We observed a statistically significant, nonlinear, monotonic 
increase in type 2 diabetes risk associated with higher SSB consump-
tion (Fig. 2a). The mean RR of type 2 diabetes at a consumption level of 
250 g d−1 (~8 oz) was 1.20 (1.07–1.34) compared with the TMREL (0 g d−1) 
(Supplementary Table 15).

We estimated the exposure-averaged BPRF to be 1.08, indicating 
that consuming SSB in the range of the 15th to 85th percentiles of 
exposure (1.5–390 g d−1) was associated, on average, with at least an 
8% higher risk of type 2 diabetes. This BPRF equated to a risk–outcome 
score of 0.07, corresponding to a two-star rating (Table 2). We did not 
observe statistically significant evidence of publication or reporting 
bias (Egger’s regression P value = 0.25) (Fig. 2a). We found that trim-
ming had a minimal impact on the risk–outcome score, and without 
trimming, the risk–outcome score was 0.07 (Extended Data Fig. 8a 
and Supplementary Table 17).

SSB consumption and IHD
Our analysis of SSB consumption and IHD included 27 observations 
from 8 studies90–97, representing a total of 961,176 participants and 
24,542 IHD events. Three studies estimated effect size using IHD 
mortality93,95,96 as the endpoint, and six studies evaluated both IHD 

Table 2 | Strength of the evidence for the relationship between processed meat, SSB and TFA consumption and health 
outcomes

Risk–outcome pair 85th percentile 
exposure level

Unit of exposure RR (95% UI 
with γ)

RR (95% UI 
without γ)

BPRF Risk–outcome 
score

Star 
rating

Publication 
bias

Number of 
studies

Processed meat–
type 2 diabetes

56.81 g d−1 1.32 (1.12, 1.55) 1.32 (1.24, 1.4) 11% 0.1 ☆☆ Yes 16

Processed meat–
colorectal cancer

54.88 g d−1 1.28 (1.09, 1.5) 1.28 (1.19, 1.38) 7% 0.07 ☆☆ No 18

Processed 
meat–IHD

30.16 g d−1 1.12 (0.98, 1.28) 1.13 (1.06, 1.18) NA −0.001 ☆ No 11

SSB–type 2 
diabetes

390 g d−1 1.24 (1.09, 1.41) 1.24 (1.19, 1.29) 8% 0.07 ☆☆ No 19

SSB–IHD 365 g d−1 1.12 (1.04, 1.2) 1.12 (1.08, 1.15) 2% 0.02 ☆☆ No 8

Trans fat–IHD 2.56 Percentage of 
daily energy intake

1.24 (1.01, 1.52) 1.24 (1.15, 1.33) 3% 0.03 ☆☆ No 6

The reported RR and its 95% UI reflect the risk an individual who has been exposed to the dietary risk factor of interest (that is, processed meat, SSB and TFA consumption) has of developing 
the outcome of interest relative to that of someone who has not been exposed. We report the 95% UI when not incorporating between-study heterogeneity (γ)—‘95% UI without γ’—and when 
accounting for between-study heterogeneity—‘95% UI with γ’. The BPRF is calculated for risk–outcome pairs that were found to have significant relationships at the 0.05 level of significance 
when not incorporating between-study heterogeneity (that is, the lower bound of the 95% UI without γ does not cross the null RR value of 1). The BPRF corresponds to the 5th quantile 
estimate of relative risk accounting for between-study heterogeneity closest to the null for each risk–outcome pair, and it reflects the most conservative estimate of excess risk associated 
with dietary risk factors of interest that is consistent with the available data. Negative risk–outcome scores indicate that the evidence of the association is very weak and inconsistent. For ease 
of interpretation, we have transformed the risk–outcome scores and BPRF into a star rating (0–5) with a higher rating representing a larger effect with stronger evidence. The selected bias 
covariates were chosen for inclusion in the model using an algorithm that systematically detects bias covariates that correspond to significant sources of bias in the observations included.  
If selected, the observations were adjusted to better reflect the gold standard values of the covariate. For more information about the definition of candidate bias covariates, see 
Supplementary Table 6, and for the bias covariates selected for each model, refer to Supplementary Table 12. NA, not available.
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incidence and mortality as endpoints90–92,94,96,97. All studies determined 
outcomes using administrative medical records, disease registries or 
death certificates90–97. All studies adjusted their effect size measure for 
age, sex, smoking, physical activity, BMI and alcohol intake.

We observed a statistically significant, nonlinear, monotonic 
increase in IHD risk associated with higher SSB consumption (Fig. 2b). 
Compared with no consumption, the mean RR of IHD at a consump-
tion level of 250 g d−1 (~8 oz) was 1.07 (1.03–1.12). We estimated the 
exposure-averaged BPRF to be 1.03, indicating that consuming SSB in 
the range of the 15th to 85th percentiles of exposure (0–365 g d−1) was 
associated, on average, with at least a 2% higher risk of IHD. The BPRF 
equated to a risk–outcome score of 0.02, corresponding to a two-star 
rating. Egger’s regression did not show statistically significant evidence 
of publication or reporting bias (Egger’s regression P value = 0.36) 
(Table 2 and Fig. 2b). We found that trimming had no effect on the risk–
outcome score (Extended Data Fig. 8b and Supplementary Table 17).

TFA consumption and IHD
We identified six prospective cohort studies to evaluate the relation-
ship between TFA consumption98–103 and IHD, representing 226,509 
individuals and 12,548 IHD events. The median follow-up was 24 years 
(range, 6–30 years). All studies determined outcomes using adminis-
trative medical records or disease registries. In all studies, the effect 
size measures were adjusted for sex, BMI, energy intake and smoking. 
All studies adjusted the effect size for age except one98,100–103. Most 
of the studies adjusted their effect size for alcohol intake99–103. Four 
of the six studies adjusted their effect size for education98,99,101,102 or 
hypertension99,101–103. Three studies adjusted their effect size measures 
for physical activity99,101,102.

We observed a nonlinear, monotonic increase in risk of IHD with 
increasing consumption of TFAs (Fig. 3). The mean RR of IHD at 1% of 
daily energy intake from TFA compared with no TFA intake was 1.11 
(1.00–1.24). Consumption of TFAs at higher levels (2% of daily energy 
intake) was associated with a 1.20 (1.00–1.44) increased risk of IHD. 
We observed considerable between-study heterogeneity (Fig. 3 and 
Supplementary Table 16).

When between-study heterogeneity was accounted for, our con-
servative interpretation of the evidence suggested that consuming TFA 
in the range of the 15th to 85th percentiles of exposure (0.25–2.56% of 
daily energy intake) increases the risk of IHD, on average, by at least 
3%. This corresponded to a risk–outcome score of 0.03 (Table 2). This 
risk–outcome score equates to a two-star rating, indicating the asso-
ciation between TFA and IHD is weak but significant when accounting 
for between-study heterogeneity. There was no statistically signifi-
cant evidence of publication or reporting bias (Egger’s regression 
P value = 0.44). We found that trimming had a substantial effect on 
the risk–outcome score; without trimming, the risk–outcome score 
decreased to −0.12, which equates to a one-star rating, suggesting that 
the risk–outcome score for TFA consumption and IHD is sensitive to 
outliers (Extended Data Fig. 9).

Discussion
This meta-analysis evaluated the dose–response relationships between 
processed meat consumption and three chronic disease outcomes—
type 2 diabetes, IHD and colorectal cancer; between SSB intake and 
type 2 diabetes and IHD; and between TFA consumption and IHD. For 
all six risk–outcome pairs assessed, even our intentionally conservative 
BPRF summary measures showed that a higher intake of the processed 
food under evaluation was associated with significantly increased risk 
of the specified health outcome. Higher consumption of processed 
meats was associated with increased risk of type 2 diabetes, colorectal 
cancer and IHD; a higher intake of SSBs was associated with increased 
type 2 diabetes and IHD risk; and increased consumption of TFAs was 
associated with increased IHD risk. Except for the association between 
processed meat consumption and IHD—which received a one-star rat-
ing suggesting a weaker association and/or less consistent evidence 
base—all of the risk–outcome relationships received two-star ratings, 
also defined as weak within the Burden of Proof framework. However, 
these low star ratings serve to indicate the need for further research to 
resolve inconsistencies across input study findings and clarify the level 
of health threat posed by increased consumption of the processed food 
in question. Moreover, the policy relevance of a risk factor must depend 
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Fig. 2 | Relative risk of SSBs on type 2 diabetes and IHD. a,b, The log(RR) function, the RR function and a modified funnel plot showing the residuals (relative to 0) on 
the x axis and the estimated standard error that includes the reported standard error and between-study heterogeneity on the y axis, for type 2 diabetes (a) and IHD (b).
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both on the magnitude of the association and strength of underlying 
evidence along with the prevalence of the risk factor and associated 
disease outcomes.

Because Burden of Proof meta-regression methods allowed us to 
capture the shape of the risk–outcome association from the data rather 
than enforcing previous assumptions such as log-linearity, our findings 
more accurately reflect the dose–response relationship at specific lev-
els of consumption than do results from traditional meta-analyses. For 
all six of the RR curves generated by our analysis, health risk increased 
monotonically; that is, across the full range of exposure, risk increased 
as consumption increased. Notably, however, the steepest slopes of 
the risk curves occurred at exposure levels approximately equivalent 
to one serving or less for each of the dietary risk factors. This indicates 
that the health risks associated with consuming processed meats, SSBs 
and TFAs increased the fastest at low levels of consumption, that is, one 
serving size a day. This information provides critical data for public 
health specialists and policymakers responsible for dietary guidelines 
and potential initiatives that aim to reduce the consumption of these 
processed foods.

With respect to specific risk–outcome pairs, our analyses yielded 
two-star ratings for the association of processed meat consumption 
with type 2 diabetes and with colorectal cancer, and—even based on our 
conservatively derived summary estimates—showed that consump-
tion at commonly observed levels (compared with zero consumption) 
was associated with at least an 11% average increase in type 2 diabetes 
risk and 7% average increase in colorectal cancer risk. Our RR curves 
showed that regularly consuming 50 g d−1 of processed meat, roughly 
equivalent to eating a standard-sized hotdog, was associated with a 30% 
increase in type 2 diabetes risk and a 26% increase in colorectal cancer 
risk. The monotonic increases in health risk with increased consump-
tion of processed meat suggest that there is not a ‘safe’ amount of pro-
cessed meat consumption with respect to diabetes or colorectal cancer 
risk. Our findings are consistent with the World Health Organization 
(WHO) designation of processed meat as carcinogenic to humans104 
and designations by the World Cancer Research Fund and the American 
Institute for Cancer Research of processed meat consumption as a risk 
factor for colon cancer. The majority of the existing dietary guidelines 
provide qualitative recommendations to limit or avoid the consump-
tion of processed meat without specifying intake levels, although a 
few do provide quantitative recommendations. On the basis of our 
findings, dietary guidelines should note the potential health risks of 
consuming even small amounts of processed meat.

Regarding the relationship between processed meat and IHD, our 
conservative interpretation indicates that the evidence for an associa-
tion is weak, yielding a one-star rating owing to a negative risk–outcome 
score value. One-star ratings reflect risk–outcome relationships that 
are statistically significant using conventional analytic methods but 
do not achieve significance based on conservative BPRF methods 

incorporating between-study heterogeneity. For all of our analyses of 
processed meat consumption, we found considerable heterogeneity 
among input study findings, which contributed to low star ratings 
reflecting a combination of low effect size and/or inconsistent input 
evidence. This heterogeneity probably resulted from variations in 
input study characteristics that we were unable to fully account for 
with our covariate selection and adjustment methods, in addition to 
the impact of potential effect modifiers such as genetic factors105 and 
confounders. Further research is needed to untangle confounding 
effects and ultimately coalesce on a more consistent body of evidence.

With respect to SSBs, they are an important source of added 
sugars in the diet, with consumption increasing globally5,19. Our con-
servative interpretation of the available evidence, based on BPRF 
metrics, showed that commonly observed SSB consumption levels 
were associated with at least an 8% average increase in type 2 diabetes 
risk and at least a 2% increase in IHD risk, equating to two-star ratings. 
As with processed meat consumption, the RR curves we derived 
showed monotonic increases in type 2 diabetes and IHD risk with 
increased SSB consumption; that is, across the entire intake range, 
any increase in SSB consumption was associated with increased dis-
ease risk, with the steepest increases in risk observed at intake levels 
below 250 g d−1, roughly equivalent to 9 oz of soda or three-fourths 
of a typical soda drink. Our findings support the need for initiatives 
to avoid and reduce the consumption of SSBs106,107. The WHO recom-
mends limiting the intake of added sugar, including SSBs, to 10% of 
total caloric intake and a further reduction below 5% total caloric 
intake for additional health benefits108. The Dietary Guidelines for 
Americans recommend limiting the intake of added sugar, including 
SSBs, to below 10% (ref. 109).

The relatively low two-star ratings for the disease outcomes tested 
in association with SSB intake were probably due in large part to high 
between-study heterogeneity, potentially resulting from variable 
health effects of particular SSBs depending on the amount of sugar 
content. Our SSB–type 2 diabetes model did test and include as a bias 
covariate whether input studies provided a clear definition of SSB (that 
is, whether sugar was explicitly mentioned as a sweetener). However, 
this covariate could not be used as a proxy measure for the sugar con-
tent of SSBs, meaning it could not fully account for the heterogeneity 
associated with variation in the sugar content of SSBs. It is also note-
worthy that all the SSB studies included in our analysis adjusted their 
effect size measures for BMI and for physical activity, and the majority 
accounted for energy intake. These adjustments reduced the likelihood 
that our estimates of increased type 2 diabetes and IHD risk associated 
with SSB consumption were mediated through effects of SSBs on BMI, 
energy intake or physical activity.

On the basis of our meta-analysis examining the relationship 
between TFAs and IHD, our conservative BPRF estimate showed that 
commonly observed TFA consumption primarily from industrially 
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Fig. 3 | Relative risk of trans fat consumption and IHD. The log(RR) function, the RR function and a modified funnel plot showing the residuals (relative to 0) on the x 
axis and the estimated standard error that includes the reported standard error and between-study heterogeneity on the y axis.
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produced trans fat sources (0.24–2.5% of daily energy intake) was 
associated with at least a 3% average increased risk of IHD, equating to 
a two-star association. The RR curve indicated a monotonic increase 
in IHD risk associated with increased TFA consumption, with no safe 
level of exposure observed for industrially produced trans fats. The 
relatively low star rating is again due in large part to high between-study 
heterogeneity, probably resulting from residual confounding and 
measurement error. In the input studies included in our meta-analysis, 
only a single study adjusted its effect size measurement for saturated 
fat intake, and none adjusted for other potential diet-related confound-
ers including sodium, SSB and processed meat intake. Our findings 
support the need for initiatives such as the best practice policies rec-
ommended by the WHO that aim to eliminate industrially produced 
TFAs from the food supply110. One policy is to establish mandatory 
national limits of 2 g of industrial trans fat per 100 g of total fat in all 
foods. The WHO additionally recommends instituting mandatory 
bans on the production and/or use of partially hydrogenated oil as an 
ingredient in all foods. The ‘REPLACE’ action package, developed by the 
WHO, supports the design and implementation of policies to eliminate 
industrially produced TFAs from the food supply.

All observational nutritional cohort analyses based on self-report 
and recall to quantify intake levels are subject to measurement error 
and residual confounding111–113. The present risk–outcome analyses 
are likewise susceptible to such errors; to the extent we were unable 
to account for them, they were likely primary contributors to the high 
between-study heterogeneity that resulted in the relatively low star 
ratings. To account for confounding, Burden of Proof methods sys-
tematically test and adjust for bias covariates that might influence 
the estimated risk–outcome relationship. An important bias covariate 
that we tested for was whether input studies adjusted their effect size 
for energy intake, a well-known approach in nutritional epidemiology 
studies114,115. Most of the studies included in our analyses made this 
adjustment, and it therefore was not identified by our algorithm as a 
significant bias covariate in our models. In addition to energy intake, we 
also accounted for whether studies adjusted for other dietary factors 
(for example, consumption of fruits and vegetables, unprocessed meat 
and alcohol) that could potentially confound the association between 
the dietary risk factors under investigation here and each outcome 
of interest. Relatively few input studies adjusted their effect size for 
these dietary factors, except for alcohol intake. Importantly, our bias 
covariate selection and adjustment methods were not able to eliminate 
all residual confounding and did not address the measurement error 
intrinsic in dietary assessment tools111,112,116.

Although the primarily two-star (and one one-star) ratings 
we obtained for the risk–outcome associations evaluated in this 
study are considered relatively weak, this is in large part due to high 
between-study heterogeneity leading to wide uncertainty intervals, 
as estimated in the Burden of Proof framework, and the balance of 
evidence still points to adverse health outcomes associated with 
these foods. Policymakers should continue advocating for measures 
that reduce intake of processed meat, SSBs and TFAs as these food 
items are consumed widely and are associated with diseases that are 
highly prevalent117. In addition, nutritional epidemiology studies must 
incorporate advances in technology and new analytical techniques to 
address existing methodological challenges. For example, nutritional 
epidemiology studies can benefit considerably from recent develop-
ments in artificial intelligence and ‘omics’ technologies. Artificial 
intelligence-assisted dietary assessment has substantially reduced 
measurement error associated with dietary recall118–120, a major chal-
lenge in nutritional epidemiology studies. The use of Mendelian rand-
omization techniques, which use study participants’ genetic profiles to 
predict their intake levels rather than relying on self-report and recall, 
show promise as a way to reduce the effects of residual confounding in 
analyses estimating associations between dietary intake factors and 
health outcomes121,122.

The results of our meta-analysis are subject to a number of limita-
tions. In our analysis, we investigated a small set of health outcomes 
for each dietary risk factor—limited to the relevant risk–outcome pairs 
included in GBD 2021—which did not encompass all possible health 
outcomes associated with these risk factors. Expanding the pool of 
potential health outcomes associated with these dietary risks could 
allow for a more complete accounting of the evidence and associated 
burden in the future. In addition, we focused on three dietary risk fac-
tors that are components of ultra-processed foods, but we did not inves-
tigate the health effects of other potentially harmful ultra-processed 
foods such as sweetened breakfast cereals and processed cheese prod-
ucts. We included prospective cohort and case–cohort studies, which 
inherently introduce residual confounding that our methods cannot 
completely eliminate. As noted previously, a considerable number of 
the studies included in this meta-analysis did not account for dietary 
confounding factors beyond energy intake. In addition, the primary 
exposure assessment tool in almost all studies included was the food 
frequency questionnaire (FFQ). The FFQ can introduce measurement 
errors arising primarily from difficulties experienced by respondents 
recalling long-term intake, along with instrument-specific limitations 
such as the finite inventory of foods listed and lack of detailed informa-
tion about the foods. Several of the studies included assessed dietary 
exposure only at baseline, which might not accurately reflect future 
dietary habits. Furthermore, even though investigations of diet–gene 
interactions are becoming more common, we could not include genetic 
predisposition as a bias covariate in our analysis owing to the absence 
of genetic information in the studies included. When studies reported 
effect sizes for total TFA consumption without stratifying by TFA source 
(ruminant versus industrial), we elected to assume that the majority 
of the TFA was industrially produced. The risk model we use is based 
on effect sizes derived from incidence and/or mortality data, and we 
were unable to run separate models for incidence and mortality owing 
to data scarcity, except in the case of SSB–type 2 diabetes. Finally, 
although many of the studies included reported serving sizes in grams, 
some did not define serving size. In these cases, we applied a constant 
conversion factor to translate serving size into grams, which might 
not be consistent with the definition of and perception of serving size 
within the given study’s context.

In conclusion, our conservative BPRF metrics support recom-
mendations to avoid or limit the consumption of processed meat, SSBs 
and TFAs owing to their associations with prevalent chronic diseases. 
However, our analyses of the currently available evidence yielded 
associations with one- to two-star ratings, owing in large part to sub-
stantial heterogeneity between studies—probably attributable to 
differences in study-level characteristics, residual confounding and 
measurement error that we were unable to control for. To the extent 
these star ratings—particularly the one-star rating for the association 
between processed meat and IHD—reflect a lack of consistent data, 
they highlight the need for stronger, more diverse evidence beyond 
conventional observational epidemiological studies.
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Methods
Overview
This study used the Burden of Proof methodology to examine the 
association between processed meat, SSB and TFA consumption 
and selected health outcomes. The Burden of Proof methodology 
comprises six main steps25: searching for and extracting data from 
published studies using a standardized approach, estimating the 
relationship between dietary exposure and relative risk of disease 
outcome, testing and adjusting for systematic bias arising from dif-
ferences in known study design characteristics, quantifying remaining 
between-study heterogeneity, assessing the evidence for potential 
publication or reporting bias and ultimately estimating the BPRF, 
which is defined as the 5th percentile relative risk curve—inclusive 
of between-study heterogeneity—that is closest to the null for harm-
ful risks. In the Burden of Proof methodology, we estimate both the 
mean risk of the outcome occurring at each level of exposure relative 
to the risk at the TMREL and the BPRF, which provides a conservative 
interpretation of the risk of a given disease outcome occurring that 
we summarize by calculating the average BPRF across the 15th to 85th 
percentiles of exposure observed in the data. Because they represent 
the data-dense part of the exposure range, the 15th to 85th percentiles 
are the exposure levels for which the risk curve is most relevant and 
avoids emphasis on extreme values for our conservatively estimated 
conservative BPRF metrics. In a Burden of Proof capstone paper25, it 
was found that the correlation between risk–outcome score values 
derived from alternative ranges of exposure, such as the 10th and 90th 
percentiles and the 5th and 95th percentiles, and risk–outcome scores 
derived using the 15th and 85th percentiles across 180 risk–outcome 
pairs was very strong (~0.98). The Burden of Proof approach allows for 
a standardized methodology to be applied across multiple risk factors, 
which is relevant for policy or research prioritization. This approach 
was previously applied to evaluate the association between other 
dietary exposures, specifically vegetable and red meat consumption, 
and various health outcomes123,124.

The Burden of Proof meta-regression methods developed previ-
ously25 offer three main advantages over previous risk factor analyses 
to support policymakers, public health professionals and individu-
als interested in minimizing health risk by providing more precisely 
derived RR estimates, additional information about the shapes of 
the risk–outcome relationships and a framework to better capture 
the consistency of the underlying evidence and make comparisons 
across risk–outcome pairs. First, to improve rigor and accuracy of 
RR estimates, Burden of Proof methods systematically adjust for bias 
covariates representing known heterogeneity in input study design 
characteristics, correct for differences in exposure range across input 
studies and use a robust likelihood-based method to detect and trim 
data outliers. Second, the meta-regression uses a spline ensemble to 
flexibly model nonlinear relationships, allowing the data to deter-
mine the shape of the risk–outcome relationship. This avoids con-
ventional assumptions of log-linearity that may amplify risk at higher 
exposure levels and obscure critical details at lower levels in the pres-
ence of a strong threshold effect. Information about the shape of the 
relationship can be used to inform cost–benefit analyses and policy 
determinations, including those targeting specific levels of exposure 
reduction or providing intake guidelines. Third—complementing 
RR estimates—Burden of Proof methods further formally quantify 
between-study heterogeneity that remains after adjusting for covari-
ates representing known variation across input study characteristics, 
and incorporate this quantity directly into uncertainty estimates. These 
are used to derive the BPRF. The BPRF for a given risk–outcome pair is 
used to compute the risk–outcome score, which is defined as the signed 
value of the log(BPRF), averaged across the 15th to 85th percentiles of 
exposure (that is, the range of most likely exposure levels). The risk–
outcome score is mapped onto a star-rating system comprising five 
levels of risk–outcome relationships, with more stars representing a 

stronger association and/or more consistent evidence. By providing a 
systematic method to capture the strength or consistency of the input 
evidence and generate a conservative measure of association, BPRF 
metrics highlight those risk–outcome relationships most likely to be 
accurate and reliable and allow for comparisons with other dietary 
(or non-dietary) risks to inform broader public health or research foci 
(for instance, low star ratings combining with high exposure or disease 
prevalence suggest a need for more research).

We estimated relative risks and BPRF and risk–outcome scores for 
each risk–outcome pair. Due to reporting inconsistencies across the 
input data, our pooled relative risk estimates are not location, sex or 
age specific. We evaluated the association between processed meat, 
SSB and TFA consumption and selected chronic diseases among adults. 
We excluded those studies that evaluated the health effects of these 
dietary risk factors on adolescents and children.

We followed the PRISMA guidelines through all stages of this 
study26 (Supplementary Tables 1 and 2). This study complies with the 
Guidelines on Accurate and Transparent Health Estimates Reporting 
(GATHER) recommendations125 (Supplementary Table 3). The study was 
approved by the University of Washington Institutional Review Board 
(study number 9060). The systematic review approach for processed 
meat was registered at PROSPERO (PROSPERO ID CRD42023457810), 
and the systematic review approach for SSBs and trans fat was also 
registered at PROSPERO (PROSPERO ID CRD42023495735).

Systematic review
We conducted systematic reviews to identify studies that present rela-
tive measures of association (for example, RRs, odds ratios (ORs) or 
hazard ratios) between the dietary exposure of interest and the selected 
health outcome. Our search strategy had two stages. The first stage was 
to identify the most recent existing meta-analysis or systematic review 
for each risk–outcome pair that met the inclusion criteria described 
below. The first reviewer screened the citations provided by the identi-
fied meta-analysis, and the second reviewer checked 100% of the stud-
ies excluded by the first reviewer. In the second stage, separate search 
strings were developed to identify sources in PubMed, EMBASE and 
Web of Science published after the period covered in the most recent 
PRISMA-compliant meta-analysis identified for each risk–outcome pair 
of interest. In both stages of the screening, two reviewers are required 
to exclude a study. Whenever there was a discrepancy, discussion and 
consultation were done with a senior personnel. The first reviewer 
extracted the data using the data extraction template. The second 
reviewer checked the correctness and completeness of the extracted 
data for all the studies. A detailed description of the search strings and 
search strategy is presented in Supplementary Information.

Our systematic review included prospective cohort, nested case–
control and case–cohort studies that included participants aged 25 or 
older on average at the time of entry into the cohort. This restriction 
was applied because findings from this study will be used to calculate 
estimates of disease burden attributable to these risk factors for future 
iterations of GBD, which restricts dietary risk-attributable burden 
estimation to adults 25 or older. However, our search did not find any 
cohort studies conducted among younger adults (under 25 years). 
Prospective cohort studies entirely based on children, adolescents, 
pregnant women or adults younger than 25 on average at the time of 
entry into the cohort were therefore excluded. The method of assess-
ing dietary intake was required to be either a quantitative 24-h recall, 
weight for record, food diary or FFQ. Cross-sectional studies, inter-
vention studies and cohort studies that did not involve a quantitative 
assessment of dietary intake were excluded. The sample included in 
the final analysis had to be free of the outcomes of interest (IHD, type 
2 diabetes, colorectal cancer) at the time of entry into the cohort.

Other inclusionary criteria were the use of suitable exposure and 
outcome definitions, and the reporting of some measure of uncertainty 
(for example, sample size, standard error or CIs) and RR (or related 
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measure) for which the exposed and unexposed groups were defined. 
Where multiple studies provided RR estimates derived from the same 
cohort, we included only the study that captured the largest sample 
or the longest follow-up time so as not to include duplicate data. For 
each study, one reviewer manually extracted data on study name, 
location, design, population (age, sex, race and sample size), dura-
tion of follow-up, exposure definition, exposure assessment method, 
exposure categories, outcome definition, outcome ascertainment 
method and covariates included in the statistical analysis of the study. 
A second reviewer inspected the extracted data and checked with the 
first reviewer whether there was a discrepancy between the extracted 
data and what was reported in the paper. All included studies published 
the data required by our inclusionary criteria, and no unpublished data 
were obtained for this analysis. For each exposure category, we also col-
lected data on the range of exposure, number of participants, number 
of events, and the risk estimate and its corresponding uncertainty. The 
template for the data collection form is provided in Supplementary 
Table 4. The details of the systematic review for each risk–outcome 
pair are described below.

Processed meat. In the processed meat systematic review, we defined 
processed meat as any meat preserved by smoking, curing, salting or 
addition of chemical preservatives. This aligns with GBD 20215. We 
defined our outcome as either incidence of, or mortality from, the 
specified health outcome, excluding studies that included other or non-
specific outcome definitions (for example, unspecified cardiovascular 
disease). As described above, we used search strings to identify the most 
recent PRISMA-compliant meta-analyses that examined associations 
between processed meat consumption and type 2 diabetes, IHD or 
colorectal cancer. For studies investigating the relationship between 
processed meat consumption and type 2 diabetes, we searched from 
1 June 2022 (the last date of the identified meta-analysis) through 1 
September 2023. For studies examining processed meat consumption 
and IHD, we searched from 5 June 2021 (the last date of the identified 
meta-analysis) through 15 August 2023. For studies examining pro-
cessed meat and colorectal cancer, we searched from 1 February 2023 
(the last date of the identified meta-analysis) through 1 September 2023. 
We also searched the Global Health Data Exchange (GHDx) databases. 
When studies reported effect sizes for colon cancer and rectum cancer 
separately, we included both effect sizes. However, if studies reported 
colorectal cancer in addition to effect sizes for colon cancer and rectum 
cancer, we chose the effect size reported for colorectal cancer.

We standardized the exposure unit to grams of consumption per 
day. For studies reporting the consumption in servings of processed 
meat with no other corresponding information about the serving size 
(13 of 44 studies), we assumed a serving size of 45 g d−1.

This assumption was based on a previous study126. For studies that 
reported mean consumption rather than ranges of consumption, we 
used the midpoint between means as the cutoff for intake intervals. For 
undefined lower bounds, we assumed a consumption level of 0 g d−1. 
For undefined upper bounds when the mean and standard deviation 
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. For studies that reported the frequency 
of consumption per day, week or month without specifying the serv-
ing size, we assumed that the frequency of consumption equated to 
the number of servings. When the units were presented as grams per 
kilocalorie, we used the mean energy intake to find absolute consump-
tion (not relative to energy) in grams. If energy intake was not reported, 
we assumed 2,000 kcal as an average energy intake for conversion127.

SSBs. In this systematic review, we defined SSB exposure as consump-
tion of SSBs including carbonated beverages, sodas, energy drinks 
and fruit drinks, but excluding 100% fruit and vegetable juices. This 
aligns with the GBD 2021 (ref. 5). We examined the association of SSB 

consumption with type 2 diabetes and IHD. We used search strings 
to identify the most recent PRISMA-compliant meta-analyses that 
examined these associations. We also conducted an updated search of 
studies examining SSB consumption and type 2 diabetes by searching 
in PubMed, EMBASE and Web of Science from the last date of the identi-
fied meta-analysis (1 December 2022) to 20 December 2023. Similarly, 
for the updated search of SSB and IHD, we searched the three data-
bases over the period from the last date of the identified meta-analysis 
(1 December 2022) to 20 December 2023. A detailed description of 
the search strings and search strategy is reported in Supplementary 
Information. For studies reporting the consumption in servings of 
SSBs without any other corresponding information about the serving 
size (8 of 27 studies), we assumed that a serving size is approximately 
equivalent to 12 oz (that is, the most commonly used serving size for 
SSB)128, which is approximately 341 g. For studies that reported mean 
consumption rather than ranges of consumption, we used the midpoint 
between means as the cutoff for intake intervals. For undefined lower 
bounds, we assumed a consumption level of 0 g d−1. For undefined 
upper bounds when the mean and standard deviation 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. For studies that reported the frequency of consump-
tion per day, week or month without specifying the serving size, we 
assumed that the frequency of consumption equated to the number 
of servings. When the units were presented as grams per kilocalorie, 
we used the mean energy intake to find total consumption in grams. If 
energy was not reported, we assumed 2,000 kcal as an average energy 
intake for conversion.

Trans fat. TFA exposure is defined as consumption (percentage daily 
energy intake) of trans fats, primarily those that are industrially pro-
duced. The outcome of interest for this systematic review was IHD. The 
identified meta-analysis was a previous study27. The additional updated 
search covered the period from 1 December 2015 to 18 December 2023. 
We included only prospective cohort studies and nested case–control 
studies that examined the relationship of total TFA and industrially 
produced TFA consumption on IHD. For those studies examining total 
TFA consumption, we assumed the major contributor to be industrially 
produced TFAs. We excluded studies that examined the effect of TFAs 
from ruminant-only sources on IHD because our focus in this systematic 
review is industrially produced trans fats. In addition, we excluded stud-
ies when the outcome was not specifically IHD (that is, cardiovascular 
events). When studies reported measures of association for total IHD 
events, as well as for nonfatal and fatal IHD events, we used the effect 
measures based on total IHD events for our main analysis. Intake of TFAs 
was expressed as percentage per daily energy intake. For studies that 
did not report the percentage energy intake, we converted results into 
percentage per daily energy intake using reported intake of TFAs and 
energy intake. If energy intake was not reported, we assumed 2,000 kcal 
for calculating the percentage per daily energy intake.

Statistical analysis
The statistical analyses conducted in this study are described in detail 
below. We used the Burden of Proof analytical framework, which 
includes estimation of the shape of the relationships between the risk 
and the outcome, testing and adjusting for the bias covariates, quan-
tifying between-study heterogeneities, evaluating publication bias 
and estimating the Burden of Proof function. No statistical method 
was used to predetermine the sample size. As all data used in this 
meta-analysis were from observational studies, no experiments were 
conducted, and no randomization or blinding took place.

Estimating the risk–outcome relationship
For each risk–outcome pair, we modeled relative risk of the disease 
outcome occurring as a function of exposure to the risk factor using 
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Burden of Proof methods, a suite of Bayesian meta-regression tools, 
which are detailed elsewhere129. Burden of Proof methods offer several 
valuable features for evaluating relative risk curves and assessing the 
robustness of evidence available to support the analyzed risk–outcome 
associations. These features include, among others, (1) the ability to 
model nonlinear relationships using splines, provided in the analysis 
framework with automated knot selection and shape constraints; (2) 
systematic incorporation of covariates related to differences among 
input study design characteristics, allowing for the mitigation of poten-
tial biases; (3) methods to quantify remaining between-study heteroge-
neity and incorporate it into uncertainty, creating the basis for a single 
measure that provides a conservative estimate of the magnitude of the 
risk–outcome association and the strength of the supporting evidence; 
(4) a mechanism to adjust the parameter for between-study variability 
to account for the effects of limited data; and (5) a means to evaluate 
the presence of publication or reporting bias.

In this study, we first modeled the association of each risk–out-
come pair with no constraints to assess the nature of the association. 
Then we applied a constraint based on the shape of the risk curve 
derived from this initial model. For the analyses involving processed 
meat and SSBs, we applied a quadratic spline model with an increasing 
shape constraint (risk increasing with increasing exposure) for each of 
the outcomes. For the TFA analysis, we applied a cubic spline model 
with an increasing shape constraint.

Testing and adjusting for biases across input study designs and 
characteristics
For each study reporting an effect size for the association between con-
sumption and the selected health outcomes, we extracted information 
about aspects of study design that could potentially bias the reported 
effect size and coded this information to generate study-level covari-
ates. These study-level covariates included length of follow-up period 
(≤10 years and >10 years), precision of the exposure and outcome 
definitions, study design (that is, RCT or prospective cohort study), 
reported measure of association (RRs or ORs), outcome measures 
(incidence or mortality), number of exposure measurements (single or 
repeat), method by which outcomes were ascertained (administrative 
records, self-reports, biomarkers or physician diagnosis) and level of 
adjustment for relevant confounders (for example, age, sex, smok-
ing, education, income, calorie intake, BMI, physical activity, alcohol 
intake, saturated fat intake and other dietary factors). We adjusted for 
these covariates in our meta-regression if they significantly biased our 
estimated RR function. See Supplementary Tables 7–9 for results from 
our assessment of study quality for all included studies.

Quantifying remaining between-study heterogeneity
After using the aforementioned study-level covariates to account 
for known differences in study design characteristics, we used a 
linear mixed-effects model to quantify the remaining unexplained 
between-study heterogeneity, as captured by gamma (γ). The remain-
ing between-study heterogeneity captured by γ contributes to the 
overall assessment of effect size and evidence strength as reflected in 
the BPRF. The details of the methods for quantifying between-study 
heterogeneity are described elsewhere25. Uncertainty intervals for 
estimated relative risks are reported in two forms: (1) exclusive of 
γ, derived without fully accounting for between-study heterogene-
ity (thus aligned with conventional uncertainty estimates typically 
reported in traditional meta-analyses), and (2) inclusive of γ, which bet-
ter reflects the degree of consistency across the underlying evidence. 
In this study, we present relative risk values with uncertainty intervals 
that include γ unless otherwise specified.

Evaluating the potential for publication and reporting bias
We examined the presence of publication and reporting bias using 
Egger’s regression and by visually inspecting funnel plots. A significant 

relationship between effect size and standard error suggests bias or 
methodological differences across studies. Positive Egger’s regression 
results signal potential publication and reporting bias. Although we 
tested for and reported our findings regarding publication and report-
ing bias, we followed standard guidelines and did not adjust our risk 
assessment based on these results.

Estimating the TMREL
The TMREL refers to the exposure level that, among all the theoretically 
possible values at the population level, minimizes the risk of all associ-
ated outcomes combined. For harmful exposures that can theoretically 
be eliminated, the TMREL is usually set at zero. In our analysis, we 
applied a TMREL of zero for processed meat, SSBs and TFAs.

Estimating the BPRF
We estimated the BPRF as the function that corresponds to the 5th 
percentile (for harmful risk factors) of the RR curve, inclusive of γ, that 
is closest to the null. The BPRF represents a conservative estimate of 
the risk–outcome association that is consistent with the available data 
after incorporating between-study heterogeneity. The further the BPRF 
is from the null, the stronger the estimated association is, both in terms 
of effect size and/or strength of supporting evidence. We then estimated 
the risk–outcome score as the mean value of the log(BPRF) averaged over 
the 15th and 85th percentiles of the distribution of exposure observed 
in the relevant input studies. The risk–outcome score provides a single 
summary metric of the BPRF that is comparable across both protective 
and harmful effects25. A higher positive risk–outcome score corresponds 
to a stronger association, supported by more consistent evidence. We 
translated the risk–outcome score for each risk–outcome pair into a 
star rating ranging from one to five stars to reflect our conservative 
estimate of association strength. Increasing stars—in the case of harmful 
risk factors—represent increasing evidence of health risk with increased 
levels of exposure to the risk factor (averaged across the evidence-dense 
range of exposure levels observed), relative to no exposure. Specifi-
cally, the Burden of Proof framework defines star rating categories as 
0% increased risk for one star, 0–15% for two stars, >15–50% for three 
stars, >50–85% for four stars and over 85% increased risk for five stars.

Sensitivity analyses
For each risk–outcome pair, we conducted sensitivity analyses that 
compared the relative risk curves generated with and without trimming 
the 10% least coherent data points (Supplementary Results).

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

Data availability
The findings of this study were based on data from public reposito-
ries and published literature, with systematic searches conducted in 
PubMed (https://pubmed.ncbi.nlm.nih.gov), Embase (https://www.
embase.com) and Web of Science (https://www.webofscience.com) 
using the search strings provided in Supplementary Information. The 
estimates produced in this study are accessible via the Burden of Proof 
visualization tool (https://vizhub.healthdata.org/burden-of-proof/). 
The relevant studies were identified through a systematic literature 
review, and citations for all input studies are listed in the main text 
as references27–103. Study characteristics for all input data used in the 
analyses are also provided in Supplementary Table 5. The template for 
the data collection form is provided in Supplementary Table 4.

Code availability
This study was a secondary analysis of existing data obtained through 
systematic reviews using meta-analytic methods. The study did 
not involve primary data collection, randomization, blinding or 
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determination of sample size. Analyses were carried out using R ver-
sion 4.0.5 and Python version 3.10.9. Code used for data processing 
(https://github.com/ihmeuw-msca/burden-of-proof/tree/main/risks/
processed_foods) and for running the Burden of Proof models (https://
github.com/ihmeuw-msca/bopforge) is publicly available online.
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Extended Data Fig. 1 | PRISMA flow diagram of processed meat consumption and type 2 diabetes. 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. 10.1136/bmj.n71. For more 
information, visit: http://www.prisma-statement.org/.
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Extended Data Fig. 2 | PRISMA flow diagram of processed meat consumption and ischemic heart diseases. 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. 10.1136/bmj.n71.  
For more information, visit: http://www.prisma-statement.org/.
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Extended Data Fig. 3 | PRISMA flow diagram of processed meat consumption and colorectal cancer. 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. 10.1136/bmj.n71. For more 
information, visit: http://www.prisma-statement.org/.
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Extended Data Fig. 4 | PRISMA flow diagram of sugar sweetened beverages and type 2 diabetes. 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. 10.1136/bmj.n71. For more 
information, visit: http://www.prisma-statement.org/.
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Extended Data Fig. 5 | PRISMA flow diagram of sugar sweetened beverages and ischemic heart diseases. 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. 10.1136/bmj.n71.  
For more information, visit: http://www.prisma-statement.org/.
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Extended Data Fig. 6 | PRISMA flow diagram of trans-fat consumption and ischemic heart diseases. 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. 10.1136/bmj.n71. For more 
information, visit: http://www.prisma-statement.org/.
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Extended Data Fig. 7 | Relative Risk of Processed Meat Consumption on type 
2 diabetes (Panel a), ischemic heart diseases (Panel b), and colorectal cancer 
(Panel c): Non-trimmed data. The panels show the log(relative risk) function,  
the relative risk function, and a modified funnel plot showing the residuals 

(relative to 0) on the x-axis and the estimated standard error that includes the 
reported standard error and between-study heterogeneity on the y-axis. RR 
relative risk, UI uncertainty interval.
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Extended Data Fig. 8 | Relative risk of sugar-sweetened beverages on type 2 
diabetes (Panel a) and ischemic heart diseases (Panel b): non-trimmed data. 
The panels show the log(relative risk) function, the relative risk function, and a 

modified funnel plot showing the residuals (relative to 0) on the x-axis and the 
estimated standard error that includes the reported standard error and between-
study heterogeneity on the y-axis. RR relative risk, UI uncertainty.
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Extended Data Fig. 9 | Relative risk of trans-fat consumption and ischemic 
heart diseases: Non-trimmed data. The panels show the log(relative risk) 
function, the relative risk function, and a modified funnel plot showing the 

residuals (relative to 0) on the x-axis and the estimated standard error that 
includes the reported standard error and between-study heterogeneity on the 
y-axis. RR relative risk, UI uncertainty interval.
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