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ABSTRACT

This meta-analysis was undertaken to determine the predictive value of Healthy Eating Index (HEI)-2015 in all-cause, cancer-cause, and
cardiovascular disease (CVD)-cause mortality. This review was registered with PROSPERO as CRD42023421585. PubMed and Web of
Science were searched for articles published by September 15, 2023. The hazard ratio (HR) was calculated with exact confidence intervals
(CIs) of 95%. Statistical heterogeneity among studies was measured by Cochran's Q test (%) and the I statistic. Eighteen published studies
were finally identified in this meta-analysis. The results showed that the HEI-2015 was associated with all-cause mortality either as a
categorical variable (HR: 0.80; 95% CI: 0.79, 0.82) or continuous variable (HR: 0.90; 95% CI: 0.88, 0.92). The HEI-2015 was also associated
with cancer-cause mortality as categorical variable (HR: 0.81; 95% CI: 0.78, 0.83) or continuous variable (HR: 0.90; 95% CI: 0.81, 0.99).
The categorical HEI-2015 was also independently correlated with decreasing CVD-cause mortality (HR: 0.81; 95% CI: 0.75, 0.87). A
nonlinear dose-response relation between the HEI-2015 and all-cause mortality was found. In the linear dose-response analysis, the risk of
mortality from cancer decreased by 0.42% per 1 score increment of the HEI-2015 and the risk of CVD-cause mortality decreased by 0.51%
with the increment of the HEI-2015 per 1 score. Our analysis indicated a significant relationship between the HEI-2015 and all-cause,

cancer-cause, and CVD-cause mortality.
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Statement of Significance

patterns defined by the Healthy Eating Index-2015.

This is the first meta-analysis to describe the pooled risk of mortality from all-cause, cardiovascular disease, and cancer according to dietary

Introduction

Diet plays an important role in human health and the process
of growth. Poor diet quality and the imbalanced dietary intake
have been suggested to be a significant risk factor for adverse
health outcomes and accounts for disease morbidity, even mor-
tality [1]. Instead of playing a separate role, food components in
one dietary pattern may have the possible synergistic or inter-
active effects among each other [2]. The importance of dietary

patterns to consider foods and nutrients in combination has been
emphasized over analyzing the individual nutrient or food
components [3]. Moreover, through integrating the isolated
nutrients, the eating patterns could reflect the real-world dietary
practices more precisely and provide the more reliable evidence
for dietary recommendations [4].

On the basis of evidence-based analysis, dietary indices play
an important role in assessing dietary patterns [5]. As a
commonly used diet-quality indicator, the Healthy Eating Index

Abbreviations used: CI, confidence interval; CVD, cardiovascular disease; DASH, Dietary Approaches to Stop Hypertension; DGA, Dietary Guidelines for Americans;
HEI, Healthy Eating Index; HR, hazard ratio; MetS, metabolic syndrome; MDS, Mediterranean Diet Score; NCD, noncommunicable disease; ROBINS-E, Risk of Bias in
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(HEID), which was created to reflect adherence to the dietary
pattern recommended by the Dietary Guidelines for Americans
(DGA), is periodically updated on the basis of the most recently
released DGA to evaluate dietary quality [6]. Regarding the
healthy eating patterns comprised with the different nutrients or
foods as a whole, the HEI-2015 contains 13 dietary components,
including 9 adequacy components (including total fruits, whole
fruits, total vegetables, greens and beans, whole grains, dairy,
total protein foods, seafood, plant proteins and fatty acids), and 4
moderation components (including refined grains, sodium,
added sugars, and saturated fats) [7]. The maximum value of
each component is designed to be scored from 5 to 10 and the full
range of the HEI-2015 is 0-100. Greater adherence to a healthy
dietary pattern, such as the Mediterranean diet, can reduce the
incidence of noncommunicable diseases (NCDs) and bring a
positive influence on health [8]. NCDs, including cardiovascular
disease (CVD), diabetes, metabolic syndrome (MetS), and can-
cer, contribute to the risk of death as a leading cause in the world
[9]. Previous studies have revealed the inverse association be-
tween the scores of the HEI-2015 and the risk of various cancers,
including breast cancer, oral and pharyngeal cancer, as well as
lung cancer [10-12]. In addition, higher diet quality measured
by the HEI-2015 has been shown to be associated with the lower
risk of CVD, diabetes and MetS [4,13,14].

Up to now, multiple studies have shown the correlation be-
tween mortality incidence and the HEI-2015, but no dose-response
meta-analysis has been performed [15-34]. To provide a more
comprehensive and detailed assessment of the relationship be-
tween the scores of the HEI-2015 and mortality, we conducted this
systematic review and meta-analysis of published studies to
investigate whether the HEI-2015 is associated with mortality from
CVD, cancer, and all-cause mortality and to determine the shape of
the dose-response relationship for the first time.

Materials and Methods

Search strategy

This meta-analysis was performed in accordance with the
recommendations of the PRISMA statement (Supplemental
Table 1). This review was registered with PROSPERO as
CRD42023421585. PubMed and Web of Science were searched
from inception through September 15, 2023. The main search
items were as follows: (“HEI-2015” OR “Healthy Eating Index-
2015”) AND (“mortality” OR “mortalities” OR “death” OR “sur-
vival” OR “prognosis” OR “fatal” OR “survive”). No restrictions
were imposed on the languages of publications. A manual search
of the reference lists from all the related studies including review
articles was performed to identify the additional relevant pub-
lications as well. Two researchers (XYH and DYL) assessed the
study eligibility and obtained the full articles of the potentially
relevant studies for detailed evaluation independently, and any
inconsistencies were resolved by consensus.

Inclusion and exclusion criteria

The original articles were considered to be eligible if they met
the following criteria: 1) cohort studies (prospective or retro-
spective) or cross-sectional studies, 2) human study, 3) the study
investigated the association between the HEI-2015 and risk of
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mortality, and 4) the effect estimates including hazard ratio (HR)
and 95% confidence intervals (CIs) obtained from the original
data or the effect estimates available to be calculated. The
exclusion criteria were as follows: 1) data were not available or
abstract only, 2) animal studies, case reports, commentary arti-
cles, experimental studies, or letters to editors, and 3) duplicated
studies.

Risk of bias

The risk of bias in the included studies was appraised using
the Risk of Bias in Non-randomized Studies — of Exposures
(ROBINS-E) tool by 2 authors (XYH and DYL) independently
[35]. Seven domains of bias were covered, and for each domain,
the risk of bias was graded as low, moderate, serious, or critical.
An overall risk of bias of included studies was also provided. Any
discrepancy was discussed by the 2 authors.

Data extraction

The following data were extracted after the full-text articles
were reviewed: the first author’s name, publication year, study
location, duration of follow-up, age, sample size, outcomes (all-
cause, CVD-cause, and cancer-cause mortality), number of
deaths, proportion of female participants, effect estimates and
their 95% CIs (only estimates adjusted for the covariates indi-
cated in Table 1 were included), multivariate adjustments, and
the risk of bias for each article. Two authors (XYH and DYL)
independently extracted data from the articles, any disagree-
ments were resolved by discussion.

Statistical analysis

Statistical analyses were conducted by using the STATA 12.0
software (Stata Corporation) and P < 0.05 was considered to be
statistically significant. HR was calculated with exact 95% CIs.
The HEI-2015 was applied as a continuous variable or cate-
gorical variable. Categories of HEI-2015 were based on tertiles,
quartiles, and quintiles in different included studies. To reduce
errors, the highest category was compared with the lowest
category, and the lowest one was considered as the reference
group. Statistical heterogeneity among studies was measured
by Cochrane Q test (y?) and I? statistic: The Q test was used to
test heterogeneity, and the I? statistic was used to quantify the
inconsistency. P < 0.1 for the Q test and I* > 50% for the I?
statistic indicated that heterogeneity might exist across the
studies. Therefore, a random effect model was used to pool the
data; otherwise, a fixed effect model was adopted by utilizing
the Mantel-Haenszel method. Subgroup assessments were per-
formed according to gender (male or female), region (United
States or Non-United States). Furthermore, to explore the
sources of heterogeneity, we also conducted subgroup analyses
on follow-up period and sample size, the values approaching
median were selected as the cut-off points (15 y for follow-up
period and 15,000 for sample size). Sensitivity was assessed
to judge the reliability of the evidence. Meanwhile, funnel plot
and Egger’s test were performed for evaluating publication
bias.

The nonlinear dose-response meta-analyses were conducted
to evaluate the relationship between the HEI-2015 and



TABLE 1

Characteristics of studies included in the meta-analysis

Reference Study Data Participants Country Follow-up Age at Exposure Study size Outcome Adjustments Sources of funding
sources ($7] baseline (y) assessment assessment
(mean + SD Total Female Number of Cause of Type of data Pooled HR
or range) participants proportion death (n) death and (95% CI)
) (%) comparison
[15] Myneni et al. 'WHI 0S Postmenopausal United 17.3 50-79 122-item FFQ 86,090 100 1393 Cancer-cause Categorical 0.86 (0.72, Age, race, education, No information
2021 women States Quintile 5 vs. 1.04) BMI, physical activity,
Quintile 1 active smoking, years
of exposure to
secondhand smoke
during childhood and
as an adult, and energy
intake.=
[16] Panizza et al. MEC Multiethnic United 17-22 45-75 Quantitative 156,804 55.25 51,442 All-cause Categorical 0.79 (0.76, Age at study entry, NCI at the NIH
2018 populations States FFQ Quintile 5 vs. 0.82) BMI, history of
CVD-cause Quintile 1 0.76 (0.71, diabetes, energy,
0.82) for men ethnicity, education,
0.75 (0.7, marital status,
0.81) for smoking, weekly hours
women of moderate to
Cancer-cause 0.8 (0.75, vigorous physical
0.87) for men activity, and alcohol
0.84 (0.78, intake
0.91) for
women
[171 Haslam et al. BCFR Women diagnosed United States 11.3 52.8 +23.5 108-item FFQ 6157 100 1265 All-cause Categorical 0.88 (0.74, Age, study site, total NCI and NIH
2023 with a first primary, and Canada Quartile 4 vs. 1.04) caloric intake, race and
invasive breast cancer Quartile 1 ethnicity, education,
treatment type, tumor
stage, recent
recreational physical
activity, cigarette
smoking status, and
pack-years of cigarette
smoking, tumor
estrogen receptor
status, tumor
progesterone receptor
status, and
menopausal status
[18] Hu et al. ARIC Participants United 24-25 45-64 66-item FFQ 12,413 56 1722 All-cause Categorical 0.82 (0.75, Age, sex, race center, NHLBI, NIH, the
2019 study from 4 United States States Quintile 5 vs. 0.89) total energy intake, Department of
communities 5747 CVD-cause Quintile 1 0.68 (0.58, education level, Health and Human
0.8) income level, physical Services, NIDDK
activity, smoking
status, alcohol status
[19] Hu et al. CRIC People with United 12 21-74 124-items 2403 48 773 All-cause Categorical 0.76 (0.63, Total energy intake, NIDDK, Perelman
2020 study CKD States DHQ Tertile 3 vs. 0.92) clinical site, age, sex, School of Medicine
Tertile 1 race, education, at the University of

income level,
estimated glomerular
filtration rate, urinary
protein, smoking
status, physical
activity, and alcohol

Pennsylvania
CTSA NIH/NCATS,
Johns Hopkins
University,
University of
Maryland, the

(continued on next page)
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TABLE 1 (continued)

Reference Study Data Participants Country Follow-up Age at Exposure Study size Outcome

Adjustments Sources of funding
sources [4)] baseline (y) assessment assessment
(mean + SD Total Female Number of Cause of Type of data Pooled HR
or range) participants proportion death (n) death and (95% CI)
) (%) comparison
CVD (for all-cause
mortality),
dyslipidemia, cancer,
anemia treatment,
gout, COPD, HB,
dialysis, CRP, and
hypothyroidism
[34] Wang et al. NHANES United States United States 11.2 £ 3.2 No 24-h dietary 11,939 No 1149 All-cause Categorical 0.87 (0.70, Sex, age, race, marital An Australia
2023 (1999-2008) population information recall information Tertile 3 vs. 1.08) status, education, Awards
interviews 222 CVD-cause Tertile 1 0.69 (0.47, family poverty to Scholarship from
1.02) income ratio, PAL, The Department of
263 Cancer-cause 0.77 (0.48, smoking, alcohol Foreign Affairs and
1.26) intake, CVD, cancer, Trade, The
diabetes, arthritis, Government of
cholesterol, Australia, National
hypertension, BMI Health and
Medical Research
Council of
Australia

Abbreviations: AARP, American Association of Retired Persons; ARIC, Atherosclerosis Risk in Communities; BCFR, Breast Cancer Family Registry; CKD, chronic kidney disease; CRIC, Chronic Renal
Insufficiency Cohort; CTSA, Clinical and Translational Science Award; CVD, cardiovascular disease; DHQ, Diet History Questionnaire; FFQ, food frequency questionnaires; HCC, hepatocellular
carcinoma; HEI, Healthy Eating Index; HPFS, Health Professionals Follow-up Study; MEC, Multiethnic Cohort Study; MET, metabolic equivalent; NCATS, National Center for Advancing Translational
Sciences; NCI, National Cancer Institute; NHLBI, National Heart, Lung, and Blood Institute; NHS, Nurses’ Health Study; NIDDK, National Institute of Diabetes and Digestive and Kidney Diseases; NRF,
National Research Foundation of Korea; SBCSS, Shanghai Breast Cancer Survival Study; WHI OS, Women’s Health Initiative Observational Study.
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all-cause, cancer-cause, and CVD-cause mortality with the
random-effects 4-knot cubic spline model in the STATA soft-
ware [36]. The HR with the 95% CIs was extracted for each
category of the HEI-2015, as well as data on the dose values of
each HEFI-2015 category, which were assigned with the
midpoint for each category if they were unavailable. The
person-years were also extracted from each study, which were
calculated from cases and corresponding HRs if they were not
given directly [37]. When the highest category was open-ended,
the width was considered to be the same as the adjacent cate-
gory interval. If the lowest category was open-ended, the lower
bound was set to 0. To evaluate the difference between the
nonlinear and linear models, the likelihood ratio test was used
to test for nonlinearity. A linear dose-response analysis between
the HEI-2015 and mortality was assessed with the method
described by Greenland and Longnecker [38] to estimate the
study specific slope lines.

Results

Literature search

A flowchart diagram of the article selection process is shown
in Figure 1. A total of 138 records were obtained after searching
for PubMed (n = 51) and Web of Science (n = 110). Among
them, 59 articles were excluded after reviewing the title and
abstract and 35 articles were excluded based on full-text
reviewing. Finally, 20 articles and 25 studies were included in
the meta-analysis [15-34].

Advances in Nutrition 15 (2024) 100166

Characteristics of included studies and risk of bias

A total of 20 published articles published from 2018 to 2023
were finally included in this meta-analysis. All included studies
were prospective cohort studies. The characteristics of each study
are presented in Table 1. A total of 1,065,175 study participants
were involved in the analysis, whereas the duration of follow-up
ranged from 797 d to 36 y. Among the included articles, 4 articles
provided results reported males and females, as well as different
kinds of mortality as outcomes independently, which were
regarded as separate reports [16,21,22,30]. Geographically, 3
studies were conducted in Asia, 17 in North America. Among the
20 included studies, 8 studies reported CVD-mortality as
outcome, 12 studies reported cancer-mortality as outcome, and
17 studies reported all-cause mortality as outcome.

Supplemental Table 2 presents the risk of bias for included
studies evaluated by ROBINS-E tool. All included studies were
judged to have high overall risk of bias. For risk of bias because of
confounding, 16 studies [15-18,20-24,26-29,32-34] were
evaluated as high risk for the lack of important confounders and 4
studies [19,25,30,31] were assessed as some concerns because
some confounding factors were based on self-reported measure-
ments, which lower the validity and reliability. HEI-2015 were
based on questionnaire or interviews in all studies that might lead
to the recall bias; thus, all studies were considered at high risk of
bias arising from measurement of the exposure. Twelve studies
were assessed as some concern risk of bias because of missing data
[15,17,20-23,26,28-32]. Separate predefined analysis plans
were not available for any of the studies, it was indicated that the

Records identified through database
searching (n = 161)
(Pubmed = 51; Web of Science = 110)

Additional records identified
through other sources
(n=0)

Identification

A 4

Records after duplicates and multiple
publications removed (n = 114)

v

Records excluded, with reasons (n

Screening

Records screened
(n=114)

=59)
l.rrelevant (n = 38)
2.Reviews, letters, and case
reports (n =21)

\ 4

Full-text articles assessed
for eligibility
(n=55)

Full-text articles excluded, with
q reasons (n = 35)
1.Insufficient of data (n = 12)
2. Irrelevant (n = 23)

Eligibility

A

Studies included in
qualitative synthesis
(n=20)

Y

Included

Studies included in
quantitative synthesis
(meta-analysis)
(20 articles, 25 studies)

FIGURE 1. Flowchart of literature search and study selection.
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main analyses used for this meta-analysis were the primary
objective of the study, so all studies were considered as some
concern risk of bias in selection of the reported result.

The HEI-2015 and all-cause mortality

As illustrated in Figure 2A, the results confirmed a significant
association between HEI-2015 score and risk of all-cause mor-
tality by the comparison of the highest and the lowest category of
HEI-2015. Compared with the lowest category, the higher HEI-
2015 had the pooled HR of 0.80 (95% CI: 0.79, 0.82) with a
random model because the heterogeneity might exist (1% 32.8%;
P =0.088). In addition, when regarded as a continuous variable,
increased HEI-2015 was also independently related to a
decreased all-cause mortality with the pooled HR of 0.90 (95%
CI: 0.88, 0.92) calculated by a fix model because the heteroge-
neity was not statistically significant (I*: 0%; P = 0.566;
Figure 3A). The dose-response analysis for the HEI-2015 and all-
cause mortality is shown in Figure 4A, revealing a nonlinear
association between the HEI-2015 and all-cause mortality, which
showed a downtrend of all-cause mortality with the increment of
the HEI-2015 (P for nonlinear = 0.0137).

The HEI-2015 and cancer-cause mortality

The analysis revealed an association between HEI-2015 and
cancer-cause mortality. Specifically, the highest category of HEI-
2015 was associated with a lower risk of cancer-cause mortality
compared with the lowest category of HEI-2015 (HR: 0.81; 95%
CI: 0.78, 0.83), which was calculated by a fixed model because of
the absence of heterogeneity (I% 0%; P = 0.865) as presented in
Figure 2B. We detected the relationship between the HEI-2015
and cancer-cause mortality when regarding the HEI-2015 as a
continuous variable (HR: 0.90; 95% CI: 0.81, 0.99; e 51.0%;
P = 0.086) and the result is shown in Figure 3B. In the dos-
e-response analysis, the results of linear analysis illustrated that
the risk of mortality from cancer decreased 0.42% per 1 score
increment of the HEI-2015, as presented in Figure 4B
(HR: 0.9958; 95% CI: 0.9949, 0.9967; P < 0.001), and a signif-
icant nonlinear dose-response relationship between the mortal-
ity risk from cancer and the HEI-2015 scores was not found (P for
nonlinear = 0.1521).

The HEI-2015 and CVD-cause mortality

The overall HRs estimated for the study participants in the
highest category compared with the subjects in the lowest
category of the HEI-2015 were compared with determine total
risk estimates by utilizing a random effects model (HR: 0.81;
95% CI: 0.75, 0.87) with high heterogeneity observed across
studies included (I 74%; P < 0.1), suggesting that the
increased HEI-2015 might be associated with a lower incidence
of CVD-cause mortality (Figure 2C). The linear dose-response
analysis is shown in Figure 4C and the risk of CVD-cause mor-
tality decreased by ~0.51% with the increment of the HEI-2015
per 1 score (HR: 0.99 49; 95% CI: 0.9940, 0.9958; P < 0.001).
The significant nonlinear association was not found between
the HEI-2015 and CVD-cause mortality (P for nonlinear =
0.3433).
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FIGURE 2. Forest plots of pooled HRs with 95% CI for HEI-2015 (the
highest category compared with the lowest category) and all-cause
mortality (A), cancer-cause mortality (B), and CVD-cause mortality
(Q). CI, confidence interval; CVD, cardiovascular disease; HEI, Healthy
Eating Index; HR, hazard ratio.

Subgroup analysis and sensitivity analysis

Subgroup analysis was performed based on region, sex,
sample size, and duration of follow-up as shown in Table 2. The
pooled HRs illustrated that compared with the lowest HEI cate-
gory, the highest HEI category was associated with a lower
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FIGURE 3. Forest plots of pooled HRs with 95% CI for HEI-2015 (continuous) and all-cause mortality (A), and cancer-cause mortality (B). CI,

confidence interval; HEI, Healthy Eating Index; HR, hazard ratio.

estimated risk of all-cause and cause-specific mortality in all
subgroups except for the subgroup with sample size <15,000
participants for cancer-cause mortality (HR: 0.89; 95% CI: 0.71,
1.07; I?: 0%; P = 0.793). As presented in Supplemental Figure 1,
for all-cause mortality, heterogeneity was found when the sam-
ple size was >15,000 participants (I%: 62.6%; P = 0.006), as well
as in male group (I: 83.8%; P < 0.1). No heterogeneity was
found in the subgroup analyses for cancer-cause mortality
(Supplemental Figure 2). In the analysis of the HEI-2015 and
CVD-cause mortality, heterogeneity was observed in both male
and female groups & 81.3%; P = 0.005 and 2 57.5%; P =0.07,
respectively) as shown in Supplemental Figure 3. To measure the
effects of each individual study on the pooled HRs, each single

11

study was omitted in sequence each time. The results demon-
strated that our results were statistically credible as shown in
Figure 5 (the HEI-2015 as categorical variable) and Figure 6 (the
HEI-2015 as continuous variable).

Publication bias

Funnel plots (Supplemental Figures 4 and 5) and Egger's test
(Table 3) indicated no evidence of significant publication bias
whether considering the HEI-2015 as continuous variable (all-
cause mortality: P = 0.98, cancer-mortality: P = 0.088) or cat-
egorical variable (all-cause mortality: P = 0.24, CVD-mortality:
P = 0.105, cancer-mortality: P = 0.936) detected in this meta-
analysis.
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FIGURE 4. Dose-response analysis plots of HEI-2015 and (A) all-
cause mortality, (B) cancer-cause mortality, and (C) CVD-cause mor-
tality. CVD, cardiovascular disease; HEI, Healthy Eating Index.

Discussion

In this study, the significant associations between the
HEI-2015 and the outcomes of all-cause and cause-specific
mortality were indicated based on a broad range of population
containing 1,065,175 participants from 20 studies. Moreover,
the findings from our study indicated that compared with
the lower HEI-2015, the higher HEI-2015 was related to a lower
risk of all-cause mortality with a nonlinear dose-response
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FIGURE 5. Sensitivity analysis of included studies for the highest HEI-
2015 vs. the lowest category HEI-2015. (A) All-cause mortality. (B)
Cancer-cause mortality. (C) CVD-cause mortality. CVD, cardiovascular
disease; HEI, Healthy Eating Index.

relationship, which observed that an increment of each score in
the HEI-2015 was associated with lower risk of mortality from
all-cause. Furthermore, a linear relationship was found between
the HEI-2015 and cancer-cause, as well as CVD-cause mortality,
which showed a decreasing trend of cancer-cause and CVD-cause
mortality for each 1 unit increase in HEI-2015 score. To the best
of our knowledge, this is the first dose-response meta-analysis to
provide a comprehensive assessment to the relationship between
the HEI-2015 and all-cause, CVD-cause, and cancer-cause mor-
tality, which supports that the DGA recommendations to
improve dietary quality might lead to a longer life expectancy.
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TABLE 2
Combined results of subgroup analysis for HEI-2015 and risk of mortality (highest HEI-2015 vs. the lowest category)
Outcome Stratification criterion Number of included Pooled HR (95% CI) Heterogeneity
sHiclies () (%) P value*
All-cause mortality Gender
Male 5 0.84 (0.78, 0.89) 83.8 <0.001
Female 8 0.78 (0.76,0.80) 20.4 0.268
Region
United States 13 0.80 (0.79, 0.81) 24.4 0.197
Non-United States 3 0.90 (0.82, 0.98) 0 0.613
Sample size
<15,000 8 0.82 (0.77, 0.87) 0 0.959
>15,000 9 0.81 (0.79, 0.83) 62.6 0.006
Follow-up period
<15y 10 0.83 (0.81, 0.86) 27.9 0.188
>15y 7 0.8 (0.79, 0.81) 0 0.476
Cancer-cause mortality Gender
Male 2 0.79 (0.75, 0.82) 0 0.587
Female 5 0.82 (0.78, 0.85) 0 0.798
Region
United States 9 0.8 (0.78, 0.83) 0 0.792
Non-United States 2 0.83 (0.69, 0.97) 0 0.364
Sample size
<15,000 3 0.89 (0.71, 1.07) 0 0.793
>15,000 9 0.8 (0.78, 0.83) 0 0.772
Follow-up period
<15y 6 0.85 (0.79, 0.90) 0 0.954
>15y 6 0.8 (0.77, 0.82) 0 0.701
CVD-cause mortality
Gender
Male 3 0.82 (0.72, 0.94) 81.3 0.005
Female 4 0.80 (0.73, 0.87) 57.5 0.07

Abbreviations: CI, confidence interval; CVD, cardiovascular disease; HEI, Healthy Eating Index; HR, hazard ratio.

" P value for heterogeneity within each subgroup.

Dietary habits are crucial in maintaining health. According to
the Global Burden of Disease Study 2017, suboptimal diet acts as
a leading cause of mortality because it is responsible for 1 in
every 5 deaths across the globe [39]. As a preventable risk factor,
the improvement of human dietary quality could potentially
decrease the risk of mortality [16]. Therefore, dietary recom-
mendations based on real-life evidence are essential for people to
comply with. When analyzing the relationship between diet and
health outcomes, the highlight shifts from focusing on individual
nutrients or food to overall dietary patterns [40]. The dietary
patterns account for the complexity and intercorrelation of
different dietary components because human food intake is
always multidimensional and single component analysis may be
inadequate [41]. To define and quantify dietary patterns, 2
approaches are introduced as tools: a priori approach and a
posteriori approach [42]. The former is based on statistical
exploratory methods through dietary intake including factor
analysis and cluster analysis, and the latter evaluates the
compliance with the current nutrition knowledge such as specific
dietary pattern or the recommended dietary guidelines, known
as dietary indices, including HEI, Dietary Approaches to Stop
Hypertension (DASH), Diet Quality Index, Mediterranean Diet
Score (MDS), as well as Dietary Guidelines Index [43].

As a dietary quality measure derived from the DGAs, the HEI
is subsequently updated, and has been used to describe diet
quality in different populations globally, as well as to evaluate
the association between diet quality and health outcomes [7]. A
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higher HEI-2015 score is indicative of better adherence to the
dietary patterns recommended by DGA and related to lower risk
of NCDs including CVD, cancer, and diabetes in the general
population in previous epidemiological studies [4,10-14]. The
HEI-2015 is described as densities instead of individual amounts
and the score of each component is obtained by comparing the
density with relevant scoring standards [7]. On this account, the
HEI-2015 could be used to appraise the diet quality of any mix
of foods. Nevertheless, issues should not be ignored considering
with the components of the HEI-2015. The sources of informa-
tion on food composition might differ among the different da-
tabases, which could influence the dietary constituent amounts
[44]. In addition, the dietary intake data based on such
self-report methods as food frequency questionnaires and food
records may reduce measurement errors [45]. The results of our
analysis revealed that a higher HEI-2015, which could also be
considered as better abiding by the DGA, was related to the
reduction in risk of all-cause, CVD-cause, and cancer-cause
mortality. However, we only explored the relationship between
total score and mortality; the correction between the alignment
with the recommended intake of the individual HEI-2015 com-
ponents and mortality was not analyzed. The total score could be
obtained through different files of component scores and the
components in the HEI-2015 may be related to or interact with
one another [21,44]. Further comprehensive analyses for the
effect of the multiple separate HEI-2015 components on total
score and health outcomes including mortality are still called for
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FIGURE 6. Sensitivity analysis of included studies for the continuous HEI-2015. (A) All-cause mortality. (B) Cancer-cause mortality. HEI, Healthy
Eating Index.

TABLE 3
Summary of the Egger’s test results for publication bias assessment

t value P value
The highest HEI-2015 vs. the owest category HEI-2015 All-cause mortality 1.22 0.24
Cancer-cause mortality 1.78 0.105
CVD-cause mortality —0.08 0.936
Continuous HEI-2015 All-cause mortality —0.03 0.98
Cancer-cause mortality 2.5 0.088

Abbreviations: CVD, cardiovascular disease; HEI, Healthy Eating Index.
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to provide stronger evidence for specific dietary recommenda-
tions formulation.

A diet with a high HEI-2015 score is considered to be a healthy
and balanced dietary pattern, which has a myriad of minerals and
vitamins from fruits, vegetables, whole grains, dairy or soy al-
ternatives, protein foods, and unsaturated fatty acids [7]. The
possible biological mechanisms underlying a healthy diet’s role
in reducing mortality remain unclear; however, some studies
have found that healthy diets may decrease systemic inflamma-
tion and oxidative stress, two factors which play a critical role in
the development of chronic diseases [46,47]. As a critical aspect
in the pathophysiology of CVD and cancer, inflammatory status is
illustrated to have an association with diet in previous studies
[48,49]. Fruits and vegetables are good sources of nutrients with
antioxidant capacity, including minerals and vitamins, which
contribute to reactive oxygen species detoxification, as well as
reduce the disruption of redox control and DNA damage so as to
protect the organism from the adverse effects of oxidative stress
[47,50]. Higher HEI-2015 component scores for refined grains,
sodium, saturated fats, and added sugars are characterized by a
lower consumption of these dietary components, which have
been linked to outcomes such as obesity, dyslipidemia, or
increased incidence of CVD [7,51].

Despite this being the first meta-analysis about the associa-
tion of HEI-2015 with mortality, some limitations of our study
should also be acknowledged when interpreting the results. First,
the number of studies included in this meta-analysis was rela-
tively small, which might affect the conclusion, so the results
should be cautiously interpreted. Second, significant between-
study heterogeneity was observed in our study, especially in
the CVD-cause group, which might influence the results of this
meta-analysis. Hence, for the sake of producing a relatively
conservative estimate, a random-effect model was used. We also
conducted the subgroup analyses based on gender, region,
sample size, and follow-up years, which revealed that the
different effect on all-cause mortality might be attributed to
gender and sample size but the variables could not explain the
heterogeneity completely. The self- reported data might be prone
to misreporting and the recall bias might exist. Furthermore, the
HEI-2015 was analyzed as a categorical or continuous variable in
different studies; we analyzed them separately for more homo-
geneous results. However, different categorical cut-off values for
the HEI-2015 were chosen in the included studies, some studies
used tertiles and some used quartiles or quintiles and these might
potentially affect the results. To minimize the impact in this re-
gard, the highest and the lowest category were compared. The
heterogeneity may also partly owe to the various baseline
characteristics of included studies. However, because the data in
our study were extracted from published articles instead of
investigating individual patient data, sufficient information for
deep layer analysis such as meta-regression and subgroup ana-
lyses by other potential confounders was limited. Third, this
study is a literature-based analysis; therefore, the possibility of
publication bias may exist. However, no publication bias was
detected from funnel plots and Egger's test. Fourth, the diet
quality was only assessed by the HEI-2015 in this meta-analysis
and other indices such as DASH and MDS were not included,
which limited the generalizability and generalization of this
study. Therefore, further studies with different dietary quality
indices are needed to confirm the results.
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In conclusion, this systematic review and dose-response
meta-analysis is the first one to quantitatively demonstrate the
pooled risk of mortality from all-cause, CVD and cancer ac-
cording to the dietary patterns defined by the HEI-2015. In this
study, we found that a higher HEI-2015 was associated with
a lower risk of mortality from all-cause, CVD and cancer.
Further large prospective studies are still needed to provide more
comprehensive information on the potential effects of dietary
patterns assessed by the HEI-2015 on the risk of mortality.
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