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Abstract

Background

Dietary habits are major contributors to coronary heart disease, stroke, and diabetes. How-
ever, comprehensive evaluation of etiologic effects of dietary factors on cardiometabolic out-
comes, their quantitative effects, and corresponding optimal intakes are not well-
established.

Objective

To systematically review the evidence for effects of dietary factors on cardiometabolic dis-
eases, including comprehensively assess evidence for causality; estimate magnitudes of
etiologic effects; evaluate heterogeneity and potential for bias in these etiologic effects; and
determine optimal population intake levels.

Methods

We utilized Bradford-Hill criteria to assess probable or convincing evidence for causal
effects of multiple diet-cardiometabolic disease relationships. Etiologic effects were quanti-
fied from published or de novo meta-analyses of prospective studies or randomized clinical
trials, incorporating standardized units, dose-response estimates, and heterogeneity by age
and other characteristics. Potential for bias was assessed in validity analyses. Optimal
intakes were determined by levels associated with lowest disease risk.
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Results

We identified 10 foods and 7 nutrients with evidence for causal cardiometabolic effects,
including protective effects of fruits, vegetables, beans/legumes, nuts/seeds, whole grains,
fish, yogurt, fiber, seafood omega-3s, polyunsaturated fats, and potassium; and harms of
unprocessed red meats, processed meats, sugar-sweetened beverages, glycemic load,
trans-fats, and sodium. Proportional etiologic effects declined with age, but did not generally
vary by sex. Established optimal population intakes were generally consistent with observed
national intakes and major dietary guidelines. In validity analyses, the identified effects of
individual dietary components were similar to quantified effects of dietary patterns on cardio-
vascular risk factors and hard endpoints.

Conclusions

These novel findings provide a comprehensive summary of causal evidence, quantitative
etiologic effects, heterogeneity, and optimal intakes of major dietary factors for cardiometa-
bolic diseases, informing disease impact estimation and policy planning and priorities.

Introduction

Cardiometabolic diseases including coronary heart disease (CHD), stroke, and type 2 diabetes
are leading causes of morbidity and mortality globally [1]. In 2011, the United Nations
highlighted suboptimal diet as one of the principal drivers of these diseases [2]. Our collabora-
tive work in the Global Burden of Diseases (GBD) Study demonstrated that 8 of the top 20 risk
factors for lost disability-adjusted life-years globally were dietary factors; and that several more
of the top 20 were strongly diet-related, including high blood pressure, body mass index
(BMI), fasting plasma glucose, and total cholesterol [3]. In sum, suboptimal diet is one of the
leading preventable causes of death and disability in the US and globally [3-6].

To determine the impact of specific dietary factors on cardiometabolic diseases and inform
priorities for intervention and prevention, it is crucial to understand the strength of evidence
on causality, the magnitudes of disease-specific etiologic effects (e.g., relative risks [RRs]), the
heterogeneity in these effects by underlying individual characteristics such as age or sex, and
the optimal levels of consumption for reducing risk. Yet, these key questions have not previ-
ously been systematically assessed nor comparably reviewed for CHD, stroke, and diabetes.
Though some evidence on diet and cardiometabolic diseases has been previously assessed, no
contemporary investigation comprehensively evaluated multiple dietary factors while also
including qualitative assessment of evidence for causality [7], quantitative assessments of etio-
logic dose-responses [7] and optimal consumption levels [7-9].

To address these gaps in knowledge, we systematically reviewed the evidence for effects of
dietary factors on cardiometabolic diseases, including comprehensively assess evidence for
causality; estimate magnitudes of etiologic effects focusing on dose-responses rather than sim-
ple categorical comparisons; evaluate heterogeneity and potential for bias in these etiologic
effects; and determine optimal population intake levels. We hypothesized that certain individ-
ual dietary components would have probable or convincing evidence for causal effects on car-
diometabolic diseases; and that magnitudes of estimates would be reasonably unbiased based
on validity analyses.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175149  April 27,2017

2/25


https://doi.org/10.1371/journal.pone.0175149

@° PLOS | ONE

Dietary etiologic effects and optimal intakes

Methods
Evidence for causality

Our methods for evaluating strength of evidence for causal diet-chronic disease relationships
were reported [10]. We searched for dietary factors with evidence for causal effects on total
cardiovascular disease (CVD), CHD, stroke, or diabetes. Given paucity of evidence from ran-
domized controlled trials, our primary determinations were based on Bradford-Hill criteria
[11] graded independently and in duplicate (RM, DM), including evidence on strength/consis-
tency, temporality, coherence, specificity, analogy, plausibility, biological gradient, and sup-
portive experimental data (Text A in S1 File). In our final analysis, we conservatively only
included factors which were determined to have probable or convincing evidence for causal
effects. Based on our and other recent reviews [12], many dietary factors were evaluated and
determined not to achieve these criteria for causality; e.g., a leading candidate not achieving
sufficient evidence was coffee, and others were extra-virgin olive oil, monounsaturated fat,
cocoa, and tea (Text B in S1 File). We also qualitatively considered concordance of our conclu-
sions with other criteria for causality of diet-chronic disease relationships as probable or con-
vincing, such as from the World Health Organization (WHO) and WCRF/AICR [13-15].
Overall, we elected to be conservative in our approach, excluding rather than including dietary
factors with borderline judgments on at least probable causal evidence. As evidence continues
to accrue, we hope to update this investigation in future years using similar standardized meth-
ods. For the present work focused on diet, we did not evaluate alcohol which is often consid-
ered separately as a potentially addictive substance, is implicated in accidental deaths, and for
which health effects have been evaluated [16].

Literature searches for etiologic effects

For each identified diet-disease relationship, we performed multiple systematic searches of
PubMed through 1/May/2015 to identify meta-analyses of randomized controlled trials (RCT's)
or prospective cohort studies evaluating these specific dietary factors and total CVD, CHD
including subtypes (fatal, nonfatal), stroke including subtypes (ischemic, hemorrhagic), or dia-
betes. For sodium and sugar-sweetened beverages (SSBs), we also reviewed effects on blood
pressure (BP) and obesity, respectively, based on RCTs demonstrating primary effects on these
risk pathways. Our detailed protocol for identifying studies on etiologic effects of dietary habits
on chronic diseases has been reported [10]. Search terms and results are provided in S1 File
(Text B, Table A, Figure A). For each search, one investigator screened all electronically identi-
fied titles and abstracts and, for all articles selected for full-text review, further hand-searched
the citation lists and also the first 20 “related articles” in PubMed. These searches were supple-
mented with additional expert contacts to identify all potentially relevant articles.

For a few dietary factors for which evidence for causal effects on specific cardiometabolic out-
comes was identified, recently published meta-analyses were unavailable. For these diet-disease
relationships, we performed de novo meta-analyses according to PRISMA guidelines (S2 File)
[17]. These included systematic searches of online databases and hand-searching of reference
lists and related citations. For each meta-analysis, titles and abstracts of identified studies were
screened by one investigator, and relevant full-texts were reviewed independently and in dupli-
cate by two investigators. Protocols for these meta-analyses are provided in S1 File (Text C-D).

Study inclusion

Published meta-analyses were eligible if including RCTs or prospective cohorts of the identi-
fied diet-disease relationship of interest. Whenever possible, we prioritized meta-analyses that
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characterized dose-responses using all available data (as opposed to comparisons of extreme
categories, e.g., high vs. low). Meta-analyses including only retrospective case-control studies
were excluded due to greater potential for selection bias, recall bias, and reverse causation.
When more than one meta-analysis was identified for any diet-disease relationship, we
included the dose-response analysis with the greatest number of studies and clinical events.
When recent meta-analyses were identified, they were not updated. We only included pub-
lished, peer-reviewed meta-analyses; or performed de novo meta-analyses with all methods
presented. For new meta-analyses, we included all RCTs and prospective cohorts that assessed
the diet-disease relationship of the interest (Text C in S1 File). Studies were excluded if they
only reported crude estimates, lasted less than 3 months, or focused on special populations
(e.g., comparisons of vegetarians vs. non-vegetarians).

Data extraction

For each published meta-analysis, we extracted data independently and in duplicate using a
standardized electronic spreadsheet on definitions of dietary factors and outcomes, numbers
of studies included, pooled risk estimates and corresponding uncertainty, study designs, sam-
ple sizes, numbers of events, mean ages of participants at baseline, lengths of follow-up, ranges
of intake, statistical methods, evidence for bias, and control for confounders in individual
studies. In most cases, all required data were not reported in the original meta-analyses and
were therefore extracted from the original individual studies cited in the meta-analysis.

For new meta-analyses, data were extracted independently and in duplicate from each iden-
tified individual study using a standardized electronic spreadsheet. Data were extracted on
author name, contact information, publication year, study name, location, design, population
(age, sex, race, sample size), follow-up duration, exposure/intervention (definition, assessment,
categories, dose in each category), outcome (definition, ascertainment), analysis method,
covariates, number of events, and the risk estimate and its corresponding uncertainty in each
exposure/intervention category. For each meta-analysis, we standardized the risk estimates to
a common standardized serving size to enable comparability across studies.

Evidence synthesis

Data synthesis utilized published results when dose-response meta-analyses were performed in
the published report, or categorical comparisons when such findings were unavailable; and
otherwise, when possible, data from the individual original articles in each meta-analysis to
perform new dose-response meta-analyses. For de novo meta-analyses, we extracted data on
each individual study as described above and performed random-effects two-step generalized
least squares for trend estimation (GLST command in STATA) [18, 19]. This method utilizes
all available data to compute study-specific dose-response estimates based on the natural log
relative risk (RR) in each category of intake and pools these to estimate an overall RR for a
standardized serving and frequency of intake. We assessed between-study heterogeneity using
Cochran’s Q and I statistic. I* values of 25-50%, 50-75%, and >75% were considered to rep-
resent low, moderate, and high heterogeneity, respectively [20]. Potential for publication bias
was explored statistically using Begg’s test [21] and by visual inspection of funnel plots. All
analyses were conducted with STATA 14.0 software (StataCorp).

Heterogeneity in etiologic effects

Proportional effects (RRs) of major cardiometabolic risk factors have been shown to decline
with age [3, 22]. To quantify and incorporate this effect modification by age, we evaluated the
proportional differences in RRs for major diet-related cardiometabolic risk factors, including
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systolic blood pressure (SBP), body mass index (BMI), fasting plasma glucose and total choles-
terol, across 6 age groups from 25-34 to 75+ years (Text F & Figure B in S1 File) [22-25].
Because proportional differences between adjacent age groups were quite similar across these
four risk factors, we applied the mean proportional differences in RR by age across all risk fac-
tors to the dietary RRs, anchored at the mean age at event of each diet-disease pair. In applying
these to diet, we used Monte Carlo simulations to estimate the uncertainty in the age-distrib-
uted log RRs, sampling from the distribution of log RRs at the age at event. Based on 1,000 sim-
ulations, we utilized the 2.5™ and 97.5™ percentiles to derive the 95% uncertainty interval,
hereafter described as the 95% confidence interval (CI). We also reviewed the findings of
meta-analyses to consider potential effect modification by sex and, where relevant, other fac-
tors such as race, hypertensive status, and BMI.

Optimal intakes

To permit comparable quantitative assessment of impacts on disease, we characterized the
optimal population consumption levels of each dietary factor for risk of cardiometabolic dis-
eases [10, 26]. Optimal levels were selected primarily based on risk (observed consumption
levels associated with lowest disease risk in meta-analyses) with further considerations of feasi-
bility (observed national mean consumption levels in nationally representative surveys world-
wide) [27-32] and consistency with other assessments (existing major dietary guideline
reports) [33-35]. Because populations inevitably have a range of consumption levels, we uti-
lized a normal distribution around each optimal intake level with standard deviation (SD)
equaling 10% of the mean, consistent with optimal distribution ranges of metabolic risk factors
[3, 36-39].

Assessment of validity and bias

Estimated etiologic effects could be limited by confounding (typically causing overestimation
of effects) and measurement error (typically causing underestimation of effects). Measurement
error was generally not addressed in most studies, although some utilized serial measures of
diet. To reduce bias from confounding nearly all identified observational studies evaluating eti-
ologic effects utilized multivariable adjustment for major demographic factors and, in many
cases, other dietary factors. Yet, we recognized that clustering of dietary patterns could still
cause unmeasured confounding, e.g., from clustering of healthful factors such as fruits, vegeta-
bles, and whole grains and inverse correlations of these with harmful factors such as SSBs or
processed meats. Thus, even with multi-variable adjustment, our final calculated etiologic
effects from studies of an individual dietary component might overestimate its effects, as com-
pared with the true effect when the dietary component is consumed as part of an overall diet
pattern.

To assess potential bias from dietary pattern effects, we performed 3 validity analyses
(Tables S4-S6 in S1 File), based on: (a) prospective long-term observational studies evaluating
overall dietary patterns and clinical cardiovascular events; (b) randomized controlled feeding
trials evaluating overall dietary patterns and cardiovascular risk factors (LDL-cholesterol,
SBP); and (c) a large RCT evaluating overall dietary patterns and clinical cardiovascular events.
For each, we compared the observed effect from the dietary pattern study to the estimated RR
calculated by jointly considering the individual etiologic effects (RRs) for each dietary compo-
nent in that pattern.

For prospective cohorts evaluating overall diet patterns and CVD events [40-44], the
observed multivariable-adjusted RR in each category (e.g., quintile) of the dietary pattern was
compared to the estimated effect calculated by combining the reported differences in each
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individual dietary component (e.g., fruits, nuts) across each category of the diet pattern with
our estimated individual etiologic effect (RR) for that dietary component, assuming a multipli-
cative relation between RRs for individual components. We focused on foods and excluded
overlapping components (e.g., we included whole grains, fruits, and vegetables; and excluded
dietary fiber); we also assumed no benefits from differences in other dietary factors (e.g., cof-
fee) in the pattern for which we had not determined a causal etiologic effect.

For randomized controlled feeding trials of dietary patterns and CVD risk factors, we per-
formed inverse-variance-weighted meta-regression across all of the treatment arms of three
large, well-established dietary pattern trials [45-47] to estimate the independent effects of five
individual dietary components, when consumed as part of an overall dietary pattern, on SBP
and LDL-cholesterol. We evaluated achieved changes in fruits, vegetables, nuts, whole grains,
and fish simultaneously as independent variables, with changes in SBP or LDL-C as the depen-
dent variable. For each dietary component, we then calculated how the identified change in
SBP and LDL-C from the meta-regression would alter cardiovascular risk, based on the estab-
lished relationship between SBP and LDL-C and clinical events [48-52] assuming indepen-
dent, multiplicative effects of SBP and LDL-C. These effects, calculated based only on how
each dietary component altered SBP and LDL-C in randomized controlled feeding trials of
diet patterns, were then compared to our estimated etiologic effect on cardiovascular events
for that dietary component. We recognized that the calculated effects based on the feeding trial
results might be conservative, as they presume that the summed CVD benefits of these dietary
factors are attributable only to effects on SBP and LDL-C, when in reality other pathways of
benefit likely exist.

Lastly, we compared the observed vs. estimated risk using findings from the PREDIMED
trial, a large RCT evaluating the effects of two overall dietary patterns on CVD incidence [53].
The estimated risk reductions were calculated by combining the observed differences in indi-
vidual dietary components achieved in the trial with our estimated quantitative effects for each
dietary component, assuming multiplicative effects of each individual component.

Results
Dietary factors with evidence for causality

We identified 10 foods and 7 nutrients with probable or convincing evidence for causal effects
on specific cardiometabolic outcomes (Table 1). Among different criteria, the strength of asso-
ciation was most variable, and coherence, temporality, and biologic gradient were least vari-
able (Table 2).

Our systematic searches to evaluate etiologic effects for these 17 foods and nutrients identi-
fied 896 potentially relevant meta-analyses or reviews articles, of which 23 were finally
included in our estimates (Table A & Figure A in S1 File), including 1 de novo meta-analysis
for 4 diet-disease relationships (Text E & Tables B-C in S1 File). We did not find sufficient
probable or convincing evidence of causal etiologic effects on cardiometabolic diseases of
many other dietary factors of interest, for example dietary cholesterol, plant omega-3 fats,
monounsaturated fats, eggs, poultry, tea, coffee, or cocoa.

Etiologic effects on cardiovascular diseases

Sixteen of the identified dietary factors had evidence for causal effects on CVD (Table 1).
Among different clinical events, fruits, fish, and fiber were most frequently studied in relation
to CHD (16 cohorts each) (Table 3). The total numbers of people in each meta-analysis of clin-
ical events ranged from about 140,000 for trans-fats and CHD to about 820,000 for fruits and
CHD. The largest number of total events was for processed meats and CHD (21,308 events);
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Table 1. Dietary factors and cardiometabolic outcomes with probable or convincing evidence for an etiologic relationship’.

Dietary Risk Factor Cardiovascular Outcomes Metabolic Outcomes
Foods

Low fruits? CHD, ischemic stroke, hemorrhagic stroke

Low vegetables® CHD, ischemic stroke, hemorrhagic stroke

Low beans/legumes® CHD

Low nuts/seeds CHD Diabetes

Low whole grains CVD, CHD Diabetes

High red meats, unprocessed* Diabetes

High processed meats® CHD Diabetes

Low fish/seafood CHD (fatal)

Low yogurt Diabetes

High sugar-sweetened beverages CHD Diabetes, BMI®
Nutrients

Low polyunsaturated fats (replacing either carbohydrates or saturated fats)’ CHD

Low seafood omega-3 fats® CHD (fatal)

High trans-fats CHD

Low dietary fiber CVD, CHD, stroke Diabetes

High glycemic load CHD, stroke Diabetes

High dietary sodium CVD (fatal), systolic BP®

Low dietary potassium Stroke

' See Table 2 for details on assessments of causality of each relationship.

2 Excluding 100% juices.

3 Excluding vegetable juices, starchy vegetables such as potatoes or corn, and salted or pickled vegetables. Because certain beans/legumes (e.g., black
beans, lentils) were commonly included as vegetables in many of the identified studies, the etiologic effects identified for vegetables should be considered
as representing the effect of vegetables including beans/legumes. We also evaluated etiologic effects of beans/legumes separately.

“ Beef, lamb, or pork; excluding poultry, fish, eggs, and processed meat.

5 Any meat preserved by smoking, curing, or salting or addition of chemical preservatives, such as bacon, salami, sausages, hot dogs, or processed deli or
luncheon meats, and excluding fish or eggs.

8 In addition to the effect of sugar-sweetened beverages (SSBs) on adiposity (body mass index, BMI), evidence from prospective studies suggested an
additional, BMI-independent effect of SSBs on incidence of type 2 diabetes and coronary heart disease (CHD).

7 Reported effects are nearly identical for polyunsaturated fats replacing carbohydrates or saturated fats.

8 Eicosapentaenoic acid (EPA) + docosahexaenoic acid (DHA).

® We identified concordant evidence for direct effects on fatal cardiovascular disease (CVD) and systolic blood pressure (BP).

https://doi.org/10.1371/journal.pone.0175149.t001

the fewest, for fruits or vegetables and hemorrhagic stroke (1,535 events). Across the meta-
analyses for CVD, the median age at event was 61.1 years (range: 50 to 72.2 years). Relative
risks were generally modest, ranging from 0.73-0.95 per daily serving of protective foods, and
1.12-1.37 for harmful foods. Some of the larger effects were for fruits and hemorrhagic stroke
(RR:0.73 per daily serving), nuts/seeds and fatal CHD (0.76 per 4 servings/week), beans/
legumes and CHD (0.77 per daily serving), and processed meats and CHD (1.37 per daily serv-
ing). Dietary sodium increased BP with a monotonic dose-response, with identified heteroge-
neity in this effect by age, race, and hypertensive status; with consistent evidence for higher
risk of fatal CVD comparing high vs. low intakes. Conversely, dietary potassium was linked to
lower risk of stroke, with a RR of 0.87 per 1,000 mg/d.

Etiologic effects on diabetes

Only 8 identified dietary factors had probable or convincing evidence for causal effects on dia-
betes (Table 1), including protective effects of nuts/seeds, whole grains, yogurt, and dietary
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fiber, and harms of unprocessed red meats, processed meats, SSBs, and glycemic load. SSBs
and glycemic load were most frequently studied (17 cohorts each) (Table 3). Processed meats
had the strongest estimated effect, with 1.51 RR per daily serving; other foods had more mod-
est effects, such as 0.82 and 0.88 RR per daily serving of yogurt and whole grains, respectively.
SSBs had a small but statistically significant etiologic effect on body weight, with smaller effects
in normal weight (per daily serving, 0.10 kg/m” increase in BMI) vs. overweight or obese (0.23
kg/m?) individuals.

Heterogeneity in etiologic effects

Proportional effects of most cardiovascular risk factors decline with age (inverse age associa-
tion), likely related to competing risks, while absolute risk differences increase with age due to
increased baseline risk [22]. We evaluated and found similar log-linear inverse associations by
age for etiologic effects of major diet-related cardiometabolic risk factors [22]. We therefore
applied the mean proportional differences in RRs across 6 age groups (25-34, 35-44, 45-54,
55-64, 65-74, 75+ y) for these risk factors to the dietary RRs (S6 Text & Figure B in S1 File).
For both major cardiometabolic risk factors and most diet-disease relationships with sufficient
evidence,[22, 54-59] we identified similar RRs by sex. One exception was glycemic load and
CHD, for which stronger effects were suggested in women. For effects of SSBs on BMI, we
identified and incorporated effect modification by baseline BMI, with larger effects among
overweight compared with normal weight individuals [55]. For effects of sodium on SBP, we
identified and incorporated joint effect modification by age, race, and hypertensive status [24].

Evidence for optimal intakes

Based on risk as well as feasibility and consistency, we characterized optimal intakes for each
dietary factor (Table 4). Potential choices of optimal ranges were broadest for dietary sodium,
with differing observed optimal intakes from different CVD outcomes ranging from 614 to
2,391 mg/d [46, 60, 61] and from different major dietary guidelines ranging from 1,200 to
2,400 mg/d [33, 62-65]. Based on all available evidence, we identified a conservative optimal
intake level of 2,000 mg/d as previously described [24], consistent with WHO guidelines [64].

Assessment of validity and bias

Because our risk estimates were mostly derived from observational studies of individual die-
tary components, we performed several validity analyses to compare our estimated etiologic
effects to other lines of evidence (Table 5, Tables D-F in S1 File). Evaluating cohort studies of
dietary patterns and incident CHD, the estimated vs. observed risks were generally similar.
Our estimated etiologic effects did not appreciably overestimate benefits in any study; largest
differences were seen in studies of Western dietary patterns (in which our estimated etiologic
effects underestimated the observed harms) and in one Greek dietary pattern study (in which
our estimated etiologic effects underestimated the observed benefit). Based on changes in BP
and LDL-C in dietary pattern feeding trials, the observed effects of individual dietary compo-
nents were similar to our estimated etiologic effect for that dietary component, except for
whole grains for which our estimated etiologic effect was smaller than that predicted by BP
and LDL-C changes; and for fish for which our estimated etiologic effect on CHD death was
larger than that predicted by BP and LDL-C changes alone. Finally, based on clinical events in
a large randomized primary prevention trial, the observed vs. estimated relative risk reductions
were similar, except for modest overestimation of benefits based on our etiologic effects in the
mixed nuts group.
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Table 5. Validity analyses comparing the observed relative risks for CHD based on evidence from prospective observational studies and random-
ized trials of dietary patterns versus the estimated relative risks for CHD based on the present analysis of individual dietary components.

Observed Relative Risk for | Estimated Relative Risk for

CHD' CHD?

Prospective cohort studies evaluating associations of overall dietary patterns with incident CHD °

Health Professionals Study—Prudent diet (average of all quintiles, with lowest quintile 0.82 0.78
as the reference) [40]

Health Professionals Study—Western diet (average of all quintiles, with lowest quintile 1.29 1.17
as the reference) [40]

Nurse’s Health Study—Prudent diet (average of all quintiles, with lowest quintile as the 0.82 0.80
reference) [41]

Nurse’s Health Study—Western diet (average of all quintiles, with lowest quintile as the 1.20 1.10
reference) [41]

Nurse’s Health Study—Mediterranean diet (average of all quintiles, with lowest quintile 0.84 0.81
as the reference) [42]

EPIC-Greek (per 2 units diet score increase) [43] 0.78 0.90

SUN-Spain (per 2 units diet score increase) [44] 0.74 0.75
Randomized controlled feeding trials evaluating effects of overall dietary patterns on BP and LDL-C *

Fruits, serving/d (100 g/d) 0.93 0.94

Vegetables, serving/d (100 g/d) 0.93 0.95

Nuts and seeds, serving/wk (1 0z [28.35 g]/wk) 0.93 0.93

Whole grains, serving/d (50 g/d) 0.88 0.97

Fish, serving/d (100 g/d) 0.87 0.66

Red meat, serving/d (100 g/d) 1.17 1.17

Dietary fiber, 20 g/d 0.77 0.76
Randomized clinical trial evaluating effects of an overall dietary pattern on incident CHD [53, 99] °

Mediterranean diet + extra-virgin olive oil vs. placebo 0.80 0.77

Mediterranean diet + mixed nuts vs. placebo 0.74 0.62

Combined groups 0.77 0.69

' Values are the observed relative risks (RRs) in these long-term prospective observational studies or randomized trials of dietary patterns.

2 Values are the estimated RRs based on the reported differences in intakes of individual dietary factors across each category of the diet pattern study and
our estimated quantitative effects for these individual dietary factors (Table 2), assuming a multiplicative relation of proportional effects of individual
components. Not all dietary factors in Table 2 were included due to insufficient reporting of differences in these components across studies of dietary
patterns. We focused on foods and excluded overlapping nutrients (e.g., we included whole grains, fruits, and vegetables; and excluded fiber, glycemic
load). We also assumed no benefits from differences in other dietary factors (e.g., coffee) in the dietary pattern for which we had not determined a causal
etiologic effect.

3 Because the observed relative risks in most of these cohorts were based on setial dietary measures with time-varying updating, the predicted relative risks
for each dietary factor were adjusted for comparability for regression dilution bias due to the observed changes over time of each dietary factor in these
cohorts. See Table D in S1 File for more details.

4 For randomized controlled feeding trials of dietary patterns and cardiovascular risk factors, we performed inverse-variance-weighted meta-regression
across all of the treatment arms of three large, well-established dietary pattern trials [45-47] to estimate the independent effects of five different dietary
components, when consumed as part of an overall dietary pattern, on systolic blood pressure (SBP) and LDL-cholesterol (LDL-C). We evaluated achieved
dietary changes in fruits, vegetables, nuts, whole grains, and fish simultaneously as independent variables in the meta-regression, with changes in SBP or
LDL-C as the dependent variable. For each dietary factor, we then calculated how the identified change in SBP and LDL-C from the meta-regression would
alter cardiovascular risk, based on the established relationship between SBP and LDL-C and clinical events [48-52], assuming independent, multiplicative
effects of SBP and LDL-C on risk. These observed effects, calculated based only on how each dietary factor altered SBP and LDL-C in randomized
controlled feeding trials of diet patterns, were then compared to our estimated etiologic effect on coronary heart disease (CHD) events for that dietary factor
(Table 2). See Table E in S1 File for more details.

5 We compared the observed vs. predicted risk in a large randomized clinical trial evaluating the effects of two overall dietary patterns on incidence of
cardiovascular events [53]. A similar analysis was previously reported using 2010 NutriCode RR’s [99]; the values here are based on the updated RR’s in
the current investigation (Table 2). The predicted risk reductions were calculated by combining the observed differences in individual dietary components
achieved in the trial with our estimated quantitative effects, assuming multiplicative effects of each individual component. Because we had not identified
sufficient studies to quantify etiologic effects of extra-virgin olive oil, to enable comparison we imputed potential effects of extra-virgin olive oil from our
estimated relative risk for polyunsaturated vegetable fats. See Table F in S1 File for more details.

https://doi.org/10.1371/journal.pone.0175149.t005
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Discussion

This systematic evaluation of the evidence for effects of dietary habits on CHD, stroke, and dia-
betes identified and quantified probable or convincing etiologic effects and optimal consump-
tion levels for 10 foods and 7 nutrients. Generally, minimally processed, bioactive-rich foods
like fruits, vegetables, nuts/seeds, beans/legumes, and whole grains had protective effects,
whereas certain more highly processed foods such as processed meats and SSBs had harmful
effects. Other identified protective dietary factors were characterized by relatively unique attri-
butes, such as fish/seafood and long-chain omega-3s (linked to lower risk of fatal CHD) or
yogurt (containing active probiotics; linked to lower risk of diabetes) [12]. Fewer etiologic rela-
tionships were identified for isolated nutrients, and these were generally consistent with the
findings for foods: for example, lower risk with dietary fiber and higher risk with additives
such as trans-fats and sodium. Notably, many identified findings were specific for particular
cardiometabolic outcomes: e.g., low fruit intake was identified as an etiologic risk factor for
cardiovascular diseases, but not diabetes; unprocessed red meat and low yogurt intakes, as eti-
ologic risk factors for diabetes, but not CHD or stroke; and low long-chain omega-3 intake, as
an etiologic risk factor for fatal CHD, but not nonfatal CHD, stroke, or diabetes. To our knowl-
edge, these novel findings provide the most updated, comprehensive estimates of quantitative
effects of specific dietary factors on cardiometabolic disease burdens.

Whereas our evaluation for causality was based on diverse types of evidence [10], our esti-
mates of quantitative etiologic effects mostly relied on prospective observational studies. While
such studies represent a reasonable study design for evaluating long-term effects of lifestyle (as
compared with pharmaceutical drugs), the results could be biased by residual confounding,
particularly from other correlated dietary habits. Yet, the results of separate validity analyses,
each examining estimated effects of individual dietary components as compared to observa-
tional studies or RCT's of dietary patterns, suggested low likelihood of large magnitudes of bias
in our quantified etiologic effects.

Interestingly, the majority of the identified causal factors represented food groups, rather
than isolated nutrients. These results are consistent with advances in nutritional science that
suggest a greater relevance of foods, rather than nutrient-based metrics, for risk of chronic dis-
eases [12, 33, 66]. Exceptions included polyunsaturated fats, representing certain vegetables,
nuts/seeds, and vegetable oils; long-chain omega-3 fats, representing seafood; and dietary fiber
and potassium, representing intakes of whole foods such as fruits, vegetables, nuts/seeds, and
whole grains. The other identified nutrients with evidence for etiologic effects were sodium
and trans-fats—industrial additives that can be increased or decreased in any otherwise similar
food—and glycemic load, representing higher intakes of refined starches and sugars. These
new findings add to a growing evidence base that emphasizes the importance of food-based
diet quality in general, and minimally processed, bioactive-rich foods in particular, as key pri-
orities for reducing burdens of cardiometabolic diseases.

Our conservative approach did not identify sufficient accumulated evidence for probable or
convincing causal effects on cardiometabolic endpoints of other promising dietary factors,
e.g., plant omega-3 fats, coffee, tea, cocoa. The present findings represent an assessment of the
current state of evidence, and undoubtedly continuing advances in science—e.g., better dietary
assessment, biomarker measures, nutrigenomics, metabolomics, personalized nutrition, other
technological advances—will lead to future identification and refinement of additional impor-
tant etiologic dietary factors and mechanistic pathways, for instance including polyphenols,
other trace bioactives, branched chain fatty acids, and the microbiome.

Our standardized assessment of feasible optimal intake levels, informed primarily by
observed levels linked to lowest risk of clinical events, provide additional new evidence to

PLOS ONE | https://doi.org/10.1371/journal.pone.0175149  April 27,2017 17/25


https://doi.org/10.1371/journal.pone.0175149

@° PLOS | ONE

Dietary etiologic effects and optimal intakes

inform dietary guidelines, policy targets, and assessments of disease burdens. The identified
optimal intake levels were generally similar to major dietary guidelines, supporting validity of
our approach. These results do not imply assumptions about practicality or potential pace

of achieving such optimal intakes for all countries, which will vary based on local cultural,
economic, and political considerations. Yet, changes in national policies can induce brisk
changes in dietary habits, cardiometabolic risk factors, and disease rates [67, 68], and systems
approaches utilizing school, workplace, economic, built environment, and media/education
strategies can effectively alter diets in populations [69, 70]. The present results on optimal
intakes can be considered a set of benchmarks to quantify disease risk and inform policy prior-
ities in different nations.

Using evidence published through 2007, Mente and colleagues reviewed evidence for etio-
logic effects of dietary factors on CHD; this work included only 4 Bradford-Hill criteria, com-
pared with 9 in our investigation; and did not evaluate stroke or diabetes, evidence for optimal
intake levels, or validity analysis to assess bias [8]. Others have reviewed, in narrative fashion
[7], the published evidence on diet and cardiometabolic diseases, but without quantitative
assessments of etiologic dose-responses, optimal consumption, or potential bias. This is the
first study, to our knowledge, to systematically evaluate and quantify the current evidence for
both etiologic effects and optimal levels of multiple dietary components for major cardiometa-
bolic endpoints including CHD, stroke, and diabetes.

Our study has several strengths. We formally evaluated evidence for causality indepen-
dently and in duplicate based on established Bradford-Hill criteria and assessed whether such
evidence was at least probable or convincing. We quantified etiologic effects and optimal levels
based on published or new meta-analyses of available evidence; including determination of
dose-responses per standardized serving sizes where possible. We evaluated heterogeneity in
etiologic effects by underlying individual characteristics such as age and sex. Importantly, the
potential for over- or underestimation of identified effects was assessed in separate validity
analyses incorporating data from long-term cohorts and randomized trials of dietary patterns.

Potential limitations should be considered. Dietary assessment in prospective cohort studies
can be imperfect due to incomplete memory, questionnaire limitations, and changes in dietary
habits over time; each of these factors would generally attenuate risk estimates, causing under-
estimation of etiologic effects. Conversely, some of the individual studies in these meta-analy-
ses utilized serial measurements of diet, which would tend to reduce such misclassification.
We did not identify sufficiently reliable data on temporal dietary changes to correct for regres-
sion dilution bias over time; our investigation identifies a need to generate such evidence
across multiple cohorts and world regions. Outcome ascertainment (e.g. of CHD, diabetes)
varied across studies and would be prone to error; because we focused on prospective studies,
such misclassification would most often be random with respect to exposure and lead to
smaller magnitudes of etiologic effects. We did not assess study quality, country, or year of
publication for individual reports within each meta-analysis; we cannot exclude that differ-
ences in these factors might influence findings. Our validity analyses represented qualitative
comparisons, not formal statistical tests. We limited our final estimates to dietary factors with
strongest evidence, excluding many other dietary components which may influence cardiome-
tabolic health. We did not grade strength of evidence for absence of health effects; a recent nar-
rative review included some qualitative conclusions on this [12].

In sum, our novel findings provide a quantitative summary of the current evidence for cau-
sality, etiologic effects, and optimal intakes of individual dietary factors in relation to cardio-
metabolic disease. These findings facilitate assessment of diet-related disease burdens,
investigation of comparative effectiveness and cost-effectiveness of individual and policy-level
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dietary interventions, and design of program priorities and prevention strategies to reduce
diet-related cardiometabolic diseases.

Supporting information

S1 File. Grading the Evidence for Causality

Text A. Criteria for grading the evidence for etiologic effects of specific dietary factors on car-
diometabolic outcomes.

Literature Searches for Published Meta-analyses

Text B. Searches for identifying meta-analyses of the effect of specified dietary risk factors on
cardiometabolic diseases.

Table A. Search results, per each search strategy based on types of articles.

Figure A. Screening and selection process of meta-analyses evaluating etiologic effects of diet-
disease relationships for dietary factors with probable or convincing evidence for effects on
cardiometabolic diseases.

De Novo Meta-Analyses of Fruit and Vegetable Intake and Incident Stroke

Text C. Protocol for de novo meta-analyses of fruit and vegetable intake and incident stroke.
Text D. Search terms used to identify published prospective cohort studies examining the
fruit/vegetable and stroke relationship that were published after previous fruit and vegetable
meta-analyses.

Text E. Search results of published prospective cohort studies examining the fruit/vegetable
and stroke relationship.

Table B. Summary results of included cohort studies in de novo meta-analysis on fruit and
vegetable intake and ischemic stroke.

Table C. Summary results of included cohort studies in de novo meta-analysis on fruit and
vegetable intake and hemorrhagic stroke.
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Text F. Heterogeneity in etiologic effects.

Figure B. Age-specific relative risks for fruit intake and coronary heart disease risk.

Validity Analyses

Table D. Comparison of relative risks for CHD observed in prospective cohort studies of die-
tary patterns and estimated based on NutriCoDE relative risks for individual dietary factors.
Table E. Comparison of relative risks for CHD calculated based on changes in systolic blood
pressure and LDL-cholesterol in randomized controlled feeding trials of dietary patterns vs.
estimated relative risks based on NutriCoDE relative risks for individual dietary factors.
Table F. Comparison of relative risks for CHD observed in a large randomized clinical trial of
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