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Abstract

Background Although the Healthy Eating Index (HEI) is widely recommended to reduce the risk of cardio-
vascular disease and all-cause death, there are significant differences in physiological and nutritional factors
between the sexes. The potential impact of sex on adult dietary health is still poorly understood. The study
was designed to assess whether the health benefits of diet differed by sex.

Methods In a prospective study of 39,567 U.S. adults (51.2% female, age 46.8 +17.6 years), we examined sex-specific,
multivariable-adjusted associations of HEl with all-cause mortality and cardiovascular disease mortality. Restricted
cubic splines (RCS), subgroup analysis, propensity score matching (PSM), random forest feature importance, and sensi-
tivity analysis were also used.

Results During 328,403 person-years of follow-up, a total of 4754 all-cause deaths were recorded, including 1481
cardiovascular deaths. Compared to the lowest quartile of HEI, the all-cause mortality rate of females and males

in the highest quartile array decreased by 34% (HR 0.66 [95% Cl 0.55-0.8]) and 15% (HR 0.85 [95% Cl 0.73-0.99]),
respectively. The restricted cubic spline showed a linear inverse association between baseline HEI and all-cause mor-
tality and CVD mortality, with similar sex-specific results. Similarly, component scores were sex-specific for mortality
risk, with females benefiting more from diet. The benefits of dairy products, vegetables, and sodium scores on the risk
of all-cause death were higher in males and females. However, the benefits of vegetable, sodium, and fatty acid scores
on the risk of cardiovascular death were different.

Conclusions In the adult population of the U.S,, there are more opportunities for females to reduce the risk of all-
cause mortality and cardiovascular mortality from the same dose of healthy dietary intake than males. These findings
could reduce the risk of death by motivating the population, especially females, to consume healthy dietary compo-
nents, especially vegetables and dairy products.
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Introduction

It is well-known that cardiovascular disease is the leading
cause of premature death worldwide [1]. More than 50%
of global mortality is attributed to chronic diseases such
as cardiovascular disease (CVD), diabetes, and certain
types of cancer [2]. To this day, there are hundreds of risk
factors beyond the “classic” risks considered in studies
such as the Framingham Heart Study and the MONICA
Project [3]. This includes psychosocial factors (includ-
ing social gradients and status) as well as many environ-
mental and occupational exposures and factors such as
dietary composition. In recent years, people have been
actively exploring essential factors that can be controlled,
including poor diet, physical inactivity, and substance
abuse [4].

Diet is a significant contributor to obesity and many
chronic diseases such as cardiovascular disease, can-
cer, and type 2 diabetes. National Food-based Dietary
Guidelines (FBDG) are designed to provide specific
advice and recommendations on healthy eating and life-
style [5]. A healthy diet can reduce the risk of chronic
disease and death [6-8]. A meta-analysis study showed
that high adherence to dietary quality measures such
as the Alternative Healthy Eating Index (AHEI) and
Dietary Approaches to Stop Hypertension (DASH) was
associated with a 22% lower risk of all-cause death [9].
Associated with reduced morbidity and mortality from
CVD[10] and cancer [11], these eating patterns have
been widely disseminated to help people get more value
out of their diets [12, 13]. Multiple studies have shown
significant differences in the risk of cardiovascular dis-
ease (CVD) between the sexes [14, 15]. Among middle-
aged population, the mortality of cardiovascular disease
in men is 2-5 times higher than that in women [16]. Sex
differences in CVD mortality cannot be fully explained
by abnormal levels of conventional CVD risk factors
such as hypertension, dyslipidemia, smoking, and obe-
sity. These include a growing number of physiological
risk factors that can also contribute to sex differences,
such as changes in intermediate traits of blood pressure
and serum cholesterol that may be the result of a range of
behavioral factors, such as exercise and diet. In addition,
persistent low-grade inflammation, including inflamma-
tion associated with infection, is associated with the sup-
posed role of the gut microbiome, which in turn may be
influenced by diet and biophysical environment [17, 18].
In recent years, researchers have increasingly focused
on sex differences in the effects of diet. Similarly, the
impact of sex-related nutritional status on the outcome
of patients with CVD has been demonstrated [19, 20].
These differences are reflected in food choices, energy
and nutrient intake, and attitudes toward diet [21-27].
However, it is unclear whether including sex differences
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affects the association between dietary factors and health
outcomes. Therefore, the aim of this study was to assess
the impact of the Healthy Eating Index (HEI) [28] on
cardiovascular and all-cause mortality with respect to
sex. Understanding this distinction could provide new
insights into narrowing the “sex gap” in mortality risk
rates and optimizing diet-related outcomes for all people.

Materials and methods

Data source

The National Health and Nutrition Examination Survey
(NHANES) is a continuous, stratified, complex, multi-
stage sampling survey conducted by the Centers for Dis-
ease Control and Prevention (CDC) in the United States.
It collects nationally representative health and nutrition
data from non-institutionalized individuals [29]. The
research methodology and data collection process were
previously reported. All databases can be accessed from
the NHANES website (https://wwwn.cdc.gov/nchs/
nhanes/Default.aspx). This study obtained approval from
the CDC Institutional Review Board, and all participants
provided written informed consent.

Study population

The study initially screened 80,312 participants from
the NHANES 2003-2018 and linked their records to the
National Death Index records. We excluded age younger
than 18 years (n=232,549), absence of daily dietary data
(n=5676), dietary energy intake of less than 800 or
more than 4200 kcal per day for men, and dietary energy
intake of less than 500 or more than 3500 kcal per day
for women [30] (n=1581), pregnancy (n==861) or miss-
ing follow-up status data (n=78). After exclusion, a
total of 39,567 participants were included in our final
analysis(Fig. S1).

Assessment of healthy eating index

The diet interview, titled “What We Eat in America”
(WWEIA), is a collaboration between the U.S. Depart-
ment of Agriculture (USDA) and the U.S. Department of
Health and Human Services (DHHS). All NHANES par-
ticipants underwent two 24-h dietary recall interviews,
the first in a mobile test center (MEC) and the second in a
telephone interview 3—10 days later. In this study, dietary
intake was estimated using the average of two 24-h recall
data. The USDA’s Dietary Research Food and Nutrition
Database (FNDDS) calculates the composition of nutri-
ents and food in all foods [31].

The HEI-2015 was calculated using the National Can-
cer Institute scoring algorithm [32]. The index has nine
components associated with adequacy and four with
moderation. First, Full ingredients include total fruit,
whole fruit, total vegetables, greens and beans, total
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protein foods, seafood and plant proteins, whole grains,
dairy, and fatty acids. Second, appropriate ingredients
include sodium, refined grains, added sugars, and satu-
rated fats. Total scores range from 0 to 100, with higher
HEI-2015 scores indicating better diet quality. Supple-
mentary materials Table S1 shows the scoring compo-
nents of HEI-2015.

Assessment of covariates
We construct a directed acyclic graph (DAG) to ensure
the causal relationship between HEI—2015 and mortal-
ity and identify the confounding factors (Fig. S2). Stand-
ardized questionnaires were used to collect information
on age, sex, race/ethnicity, education level, household
income, smoking status, etc. Race/ethnicity is divided
into non-Hispanic white, non-Hispanic black, Mexican
American, and the other four segments. The level of edu-
cation was classified as less than a high school diploma,
high school/equivalent, college, or above. Family income-
to-poverty ratios were categorized as follows: <1.3, 1.3—
3.5, and > 3.5. The higher the ratio, the better the family’s
economic situation [33]. Smoking status was classified
as never smokers, former smokers, and current smok-
ers. BMI was divided into<25.0, 25.0-29.9, or>30 kg/
m? [34], with BMI>30 was defined as obesity. Diabe-
tes was defined as self-reported diagnosed diabetes, or
the use of oral hypoglycemic agents or insulin, fasting
blood glucose levels > 126 mg/dL, or blood glucose lev-
els>200 mg/dL after oral glucose tolerance tests, or
hemoglobin Alc (HbAlc) levels >6.5%. Hypertension is
defined as self-reported diagnosed hypertension, current
use of antihypertensive medications, or mean systolic
blood pressure (ASBP)/mean diastolic blood pressure
(ADBP) >140/90 mmHg. Drinking status was defined
as non-drinkers, moderate drinking (0.1-13.9 g/ day for
women and 0.1-27.9 g/ day for men), and heavy drinking
(>14 g/ day for women and > 28 g/ day for men).
Laboratory tests included total cholesterol (TC),
triglycerides(TG), and HDL cholesterol. The estimated
glomerular filtration rate (eGFR) was calculated using
the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation [35].

Ascertainment of mortality

As of December 31, 2019, all-cause mortality and cardio-
vascular mortality were determined by association with
National Death Index (NDI) records. The primary cause
of death was identified according to the ICD-10 code.
Cardiovascular deaths were defined as heart disease
(100-109, 111, 113, 120-I51) and cerebrovascular disease
(160-169).
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Statistical analysis

As aresult of NHANES’s review sampling design, sample
weights, clustering, and stratification were included in
all statistical analyses in this study, and a weighted esti-
mate representing the non-institutional population of the
United States for 2003-2018 was produced [29]. Con-
tinuous variables are reported as weighted mean * stand-
ard deviation, and categorical variables are expressed as
counts (percentages).

Participants’ baseline characteristics were described
by sex and HEI(Q1-Q4) quartile, respectively. Kaplan—
Meier curve analysis and log-rank test were used for
primary outcome analysis to evaluate sex differences in
overall survival. The association between HEI-2015 and
all-cause mortality/cardiovascular mortality was exam-
ined using COX proportional hazard regression mod-
els. We first established three statistical models. Model
1: unadjusted variables; Model 2 was adjusted for age,
sex (for all participants only), race/ethnicity, education,
and family income-to-poverty ratios; Model 3 further
adjusted smoking status, drinking status, BMI, hyperten-
sion, diabetes, HDL cholesterol, TG, TC, eGFR, energy
intake, protein intake, and fat intake. We used the low-
est quartile (Q1) of the HEI-2015 as the reference group
and the median of each category as a continuous variable
to calculate the linear trend. Estimated hazard ratio (HR)
and 95% confidence interval (CI).

To explain the dose-response relationship between
HEI-2015 and all-cause and cardiovascular death, a
restricted cubic spline analysis was performed for the
5th, 35th, 65th, and 95th percentiles of the HEI-2015 dis-
tribution with the same variable adjustments as in Model
3. Sex differences between HEI-2015 and mortality were
assessed using a likelihood ratio test.

Further, by age (18—40, 41-60, and > 60 years), race/eth-
nicity (non-Hispanic white, other), education level (less
than high school diploma, high school/equivalent, college
or above), income to poverty ratio (<1.3, 1.3-3.5,>3.5),
BMI (<25.0, 25.0-29.9,>30 kg/mZ), hypertension (no or
yes), diabetes (no or yes), smoking status (non-smokers,
former smokers, current smokers), alcohol consump-
tion (non-drinkers, moderate drinkers, heavy drinkers),
and eGFR(<60,>60 mL/min/1.73 m2) was stratified for
analysis. Potential modifying effects were detected by
detecting the corresponding multiplicative interaction
terms. We then repeated the multivariate-adjusted COX
model (Model 3), as described above, to examine the sex-
specific association of HEI-2015 components with all-
cause and cardiovascular death. Additionally, the random
forest (RF) model will be used to evaluate the sex-related
importance of features for predicting all-cause mortality
and cardiovascular mortality based on HEI-2015 scores
and components. All participants were divided into
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training and testing sets in a 7:3 ratio. Through the confu-
sion matrix, the accuracy, the recall rate, and the F1 score
are summarized as the performance index.

In order to better explain the sex differences in the ben-
efit value of high HEI-2015, we performed some second-
ary analyses. First, in this study, using propensity score
matching (PSM) was used. A 1:1 nearest neighbor match-
ing algorithm with a caliper value of 0.1 matched par-
ticipants with the lowest (Q1) and extreme quartile (Q4)
HEI-2015, so as to eliminate bias and control for poten-
tial confounding variables. Confounding factors include
age (continuous), race (non-Hispanic white, non-His-
panic black, Mexican Hispanic, and others), education
(less than a high school diploma, high school/equivalent,
college or above), household income to poverty ratio
(1.3, 1.3-3.5,>3.5), BMI(< 25.0, 25.0-29.9, > 30 kg/m?),
Smoking status (non-smoker, former smoker, and cur-
rent smoker), alcohol consumption status (non-drinker,
moderate drinker, heavy drinker), hypertension (no or
yes), diabetes (no or yes), TC (quartile), TG (quartile),
HDL-C(quartile),eGFR(< 60, >60 mL/min/1.73 m2). The
absolute standardized mean difference (ASMD) of less
than 0.1(dashed line) is considered to be negligible in
the imbalance between the two groups. After matching,
we reanalyzed sex differences between HEI-2015 scores
and risk of all-cause mortality and cardiovascular disease
mortality, as in the previous approach. Second, we exam-
ined sex differences between HEI-2015 and significant
risk factors (diabetes, hypertension, malignancy, cardio-
vascular disease, obesity).

Finally, we also conducted some sensitivity analyses
to check the robustness of the study results. First, we
excluded participants with diabetes and malignancy at
baseline to account for the effect of particular dietary
differences on mortality risk. Second, to minimize the
potential for reverse causality bias, we excluded partici-
pants who died within the first two years of follow-up
and those with self-reported cardiovascular disease at
baseline.

In order to minimize the sample size reduction caused
by missing covariates, this study conducted multi-
ple interpolations for all missing variables. Two-sided
P<0.05 was considered statistically significant. Statistical
analysis was performed using Rv4.3.2.

Results

Baseline characteristics of study participants

The baseline demographic, lifestyle, and medical char-
acteristics of this cohort are presented in Tables 1 and
2. Of 39,567 U.S. adults, 51.2% were female, and 67.8%
were non-Hispanic white. The mean age at baseline was
46.8 £17.6 years. Participants with higher HEI-2015 lev-
els were older, more likely to be non-Hispanic, female,
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had higher household income, higher levels of educa-
tion, were less likely to be obese, had never smoked, were
more likely to drink heavily, and were more likely to have
high blood pressure, diabetes, higher HDL-C, TC, and
lower TG and eGER levels.

HEI-2015 and component distribution differences by sex
Overall, the distribution level of HEI-2015 in females was
slightly higher than in males (Fig. S3). To further inves-
tigate the impact of dietary factors on the differences
in HEI-2015 between males and females, we compared
the scores of various components of HEI-2015, and the
results are shown in Supplementary materials Table S2.
The female population had higher HEI-2015 scores in
fruits, vegetables, legumes, cereals, dairy products, sea-
food, fatty acids, and lower protein scores.

Sex differences in HEI-2015 associations with all-cause
mortality and CVD mortality

During 328,403 person-years of follow-up (median,
8.1 years) from the NHANES 2003-2018, we recorded
4754 deaths and identified 1481 cardiovascular deaths.
Unadjusted Kaplan—Meier analysis showed that the
cumulative incidence of all-cause and cardiovascular
death was lower in women than in men, and this asso-
ciation was observed for any HEI-2015 score (Q1-Q2 or
Q3-Q4) (Log-rank P<0.001, Fig. 1). For all participants,
the multivariate adjustment HRs for all-cause mortal-
ity in the highest quartile was 0.76 (95% CI 0.68 to 0.85),
and the multivariate adjustment HRs for cardiovascular
disease mortality was 0.69 (95% CI 0.55 to 0.85) com-
pared to the lowest quartile in the fully adjusted model.
For females, the highest quartile had a 34% lower risk of
all-cause mortality (P i,.,q<0.001) and a 38% lower risk
of cardiovascular death (P ,.,q=0.006) compared to the
lowest quartile. For males, there was a 15% reduction in
all-cause mortality in the highest quartile compared to
the lowest quartile (P ,q<0.001). However, this rela-
tionship was not observed in cardiovascular mortality,
and this benefit was significantly smaller than in females
(Table 3).

In addition, multivariate-adjusted RCS analysis shows
a significant dose—response relationship between HEI-
2015 and all-cause death (P non-linearity =0.562, Fig. 2A)
and cardiovascular death (P non-linearity=0.93, Fig. 2B).
Meanwhile, the same trend is observed after sex group-
ing, with linear relationship after multi-factor adjustment
(P linearity <0.001, Fig. 2C, D).

Stratified analysis of the association of HEI-2015

with all-cause mortality and CVD mortality by sex

Based on age (18-40, 41-60, and > 60 years), race/eth-
nicity (non-Hispanic white and other), education level
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Table 1 Characteristics of the Study Participants in NHANES 2003-2018
Variable® Overall Males Females Pvalue
Total no. 39,567 19,297 20,270
Age, years 468+17.6 459+175 47.7+17.7 <0.001
Race and ethnicity,n(%) <0.001
NH-White 17,111 (67.8%) 8,493 (67.9%) 8,618 (67.7%)
NH-Black 8,529(11.2%) 4,081(10.5%) 4,448 (11.9%)
Mexican American 6,542(8.5%) 3,213 (9.2%) 3,329 (7.9%)
Others 7,385(12.5%) 3,510(12.5%) 3,875 (12.5%)
Education level,n(%) 0.014
Less than high 11,682 (18.8%) 5,873(19.3%) 5,809 (18.3%)
High school grad or equivalent 8,642 (23.0%) 4,348(23.5%) 4,294 (22.6%)
College or above 19,243(58.2%) 9,076(57.2%) 10,167 (59.1%)
Family income-poverty ratio,n(%) <0.001
<130 12,644(22.7%) 5,721 (20.6%) 6,923 (24.6%)
1.3-35 15,015 (35.5%) 7,401 (35.0%) 7,614 (36.0%)
>35 11,908 (41.8%) 6,175 (44.4%) 5,733 (39.4%)
BMI, Kg/m? <0.001
<250 12,013 (31.1%) 5,587 (27.2%) 6,426 (34.7%)
25.0-29.9 12,690 (32.0%) 7,123 (37.1%) 5,567 (27.3%)
>30 14,864 (36.9%) 6,587 (35.7%) 8,277 (37.9%)
Smoking status,n(%) <0.001
Never 22,694 (55.7%) 9,360 (48.9%) 13,334 (61.9%)
Former smoker 9,270 (24.3%) 5,632 (28.9%) 3,638 (20.0%)
Current smoker 7,603 (20.0%) 4,305 (22.2%) 3,298 (18.0%)
Drinking status,n(%) <0.001
Never 28,541 (68.1%) 12,648 (61.7%) 15,893 (74.0%)
Moder 6,009 (16.6%) 3,827 (21.6%) 2,182 (12.0%)
Heavy 5,017 (15.3%) 2,822 (16.7%) 2,195 (14.1%)
Hypertension,n(%) 16,027 (36.5%) 7,830 (36.9%) 8,197 (36.2%) 02
Diabetes,n(%) 6,516 (12.5%) 3,341 (13.3%) 3,175 (11.8%) <0.001
Energery intake(1000 kcal) 20£0.7 24+0.7 1.7£0.6 <0.001
Protein intake(g) 804+32.7 94+34.6 67.9+249 <0.001
Fat intake(g) 786+34.6 90.6+36.3 67.5+287 <0.001
TG (mg/dL) 151.2+£1287 169.3+151.7 1345+100.1 <0.001
HDL-Cholesterol (mg/dL) 535+163 479+13.8 586+16.7 <0.001
TC(mg/dL) 1943+418 191+42 1973+414 <0.001
eGFR(mL/min/1.73m?) 958+214 96.1£205 955+222 0.7

2 Data are presented as number (%) or mean + standard deviation. Analyses of percent values were conducted using the adjustment of weights, primary sampling

units, and strata

Abbreviations: NH-White Non-Hispanic White, NH-Black Non-Hispanic Black, BMI Body mass index, TG Triglycerides, TC Total cholesterol

(less than a high school diploma, high school/equiva-
lent, college or above), income to poverty ratio (<1.3,
1.3-3.5,>3.5), BMI (<25.0, 25.0-29.9,>30 kg/m?),
hypertension (no or yes), diabetes (no or yes), smok-
ing status (never, former, current), drink status (never,
moderate, heavy), and eGFR level (<60,>60 mL/
min/1.73 m?) stratified analysis was conducted. The
results showed that the survival advantages of different

sexs were consistent in different subgroups, as shown
in Fig. 3. In the female population, we found significant
interactions between HEI-2015 and all-cause mortality
by age (P for interaction=0.033) and smoking status
(P for interaction =0.039). At the same time, there was
a significant interaction between HEI-2015 and CVD
mortality by education level (P for interaction =0.022)
and eGFR (P for interaction =0.006).
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Table 2 Baseline characteristics of participants according to HEI-2015 in NHANES 2003-2018

Variable® Health Eating Index Pvalue
Quartile 1 <40.4 Quartile 2 40.5-48.4 Quartile 3 48.5-57.1 Quartile 4>57.1

Total no. 9950 9866 9822 9929

Age, years 420£17.2 454+173 481174 516+17.0 <0.001

Sex,n(%) <0.001

Males 5,332 (53.5%) 4,987 (49.9%) 4,700 (46.8%) 4,278 (41.9%)

Females 4,618 (46.5%) 4,879 (50.1%) 5,122 (53.2%) 5651 (58.1%)
Race/Ethnicity,n(%) <0.001

NH-White 4,563 (67.8%) 4,233 (66.9%) 4,077 (67.0%) 4,238 (69.4%)

NH-Black 2475 (13.4%) 2,278 (12.5%) 2,067 (10.9%) 1,709 (8.1%)

Mexican American 2 (8.9%) 1,722 (8.9%) 1,778 (9.0%) 1,530 (7.3%)

Others 1,400 (9.9%) 1,633 (11.7%) 1,900 (13.1%) 2,452 (15.2%)

Education level,n(%) <0.001

Less than high 3,397 (23.5%) 3,112 (20.8%) 2,899 (17.7%) 2,274 (13.2%)

High school grad or equivalent 2,519 (28.4%) 2,369 (26.3%) 2,022 (20.7%) 1,732 (16.8%)

College or above 4,034 (48.1%) 4,385(52.9%) 4,901 (61.6%) 5,923 (70.1%)

Family income-poverty ratio,n(%) <0.001

<1.30 3,764 (28.2%) 3,357 (24.1%) 3,051 (21.5%) 2,472 (16.8%)

1.3-35 3,838 (37.8%) 3,886 (37.5%) 3,722 (35.4%) 3,569 (31.6%)

>35 2,348 (34.0%) 2,623 (38.4%) 3,049 (43.1%) 3,888 (51.6%)

BMI, Kg/m? <0001

<250 2,979 (29.5%) 2,867 (28.9%) 3,004 (31.3%) 3,163 (34.7%)

25.0-299 2,905 (29.0%) 3,089 (31.6%) 3,191 (32.2%) 3,505 (35.2%)

>30 4,066 (41.5%) 3,910 (39.5%) 3,627(36.5%) 3,261 (30.1%)

Smoking status,n(%) <0.001

Never 5,245 (51.1%) 5427 (53.3%) 5,791 (57.4%) 6,231 (60.9%)

Former smoker 1,930(19.2%) 2,214 (23.3%) 2,395 (25.6%) 2,731 (29.0%)

Current smoker 2,775 (29.7%) 2,225 (23.4%) 1,636 (16.9%) 967 (10.1%)

Alcohol intake,n(%) <0.001

Never 7,884 (76.9%) 7,150 (69.9%) 6,767 (64.4%) 6,740 (61.0%)

Moder 1,295 (14.0%) 1,481 (15.9%) 1,576 (17.8%) 1,657 (18.7%)

Heavy 771 (9.0%) 1,235 (14.2%) 1,479 (17.8%) 1,532(20.3%)
Hypertension,n(%) 3,666 (34.0%) 3,870 (35.6%) 4,070 (37.6%) 4,421 (38.9%) <0.001
Diabetes,n(%) 1,403 (11.1%) 1,580 (12.7%) 6 (13.2%) 1,817 (13.2%) <0.001
Energery intake(1000 kcal) 21+08 21+07 20+07 19+0.7 <0.001
Protein intake(q) 784+32.7 804+32.7 81.7£32.7 81.3+£325 <0.001
Fat intake(g) 84.7+35.1 81.8+£349 7731343 70.7+32.2 <0.001
TG (mg/dL) 156.3+147.8 155.5+130 151.3+£1184 141.8+£115.2 <0.001
HDL-Cholesterol (mg/dL) 50.1+148 522+155 541+163 575+174 <0.001
TC(mg/dL) 191.2+£425 1943+£413 195.0+41.7 196.7£414 <0.001
eGFR(mL/min/1.73m?) 99.0+£21.5 96.8+21.3 946+214 92.8+20.8 <0.001

2 Data are presented as number (%) or mean + standard deviation.Analyses of percent values were conducted using the adjustment of weights, primary sampling

units, and strata

Abbreviations:NH-White Non-Hispanic White, NH-Black Non-Hispanic Black, BMI Body mass index, TG Triglycerides, TC Total cholesterol

Sex differences in HEI-2015 components associations

with all-cause mortality and CVD mortality

Further, we examined sex differences in associations
between HEI-2015 component scores and all-cause mor-
tality and CVD mortality. The Results are summarized

in Fig. 4. Overall, HEI-2015 scores of fruits, vegetables,

legumes, dairy products, fatty acids, and saturated fatty

acids were significantly associated with mortality. For
men, higher HEI-2015 scores for vegetables, legumes,
dairy products, fatty acids, and saturated fatty acids
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Fig. 1 Kaplan—-Meier Survival Curves for All-cause Mortality and CVD Mortality According to HEI-2015. Kaplan—-Meier survival curves for all-cause
mortality (A) and cardiovascular mortality (B) were based on participants with HEI-2015 < 48.4. Kaplan-Meier survival curves for all-cause mortality
(€) and cardiovascular mortality (D) were based on participants with HEI-2015 >48.5

reduced the risk of death, and the benefit was signifi-
cantly smaller than that of women. Dose-dependent anal-
ysis of HEI-2015 component scores and risk of all-cause
death and cardiovascular death suggested higher benefits
for women in HEI-2015 scores (Figs. 5 and 6).

Figure 7 shows the features of an essential analysis of
HEI-2015 and the component scores used to assess all-
cause and cardiovascular mortality. Overall, the RF
model accurately predicted cardiovascular mortality on
independent test data with accuracy of 0.99 (men and
women), recall rates of 0.68 (women) and 0.69 (men), and
F1 scores of 0.80 (women) and 0.81 (men). The RF model
predicted all-cause mortality with relatively low accuracy
on independent test data, with accuracy of 0.92 (women)
and 0.89 (men), recall rates of 0.22 (women) and 0.21
(men), and F1 scores of 0.37 (women) and 0.34 (men).
HEI-2015 score remained the most critical factor in
assessing the risk of death, and its importance score was
significantly higher than other factors of each HEI-2015
component. In addition, for men, dairy products, veg-
etables, saturated fatty acids, and fatty acid scores were
essential factors in determining the risk of death from

both all-cause and cardiovascular death. In the female
population, dairy, vegetable, sodium, and fatty acid scores
were significant determinants of all-cause mortality. The
scores of dairy products, sodium, saturated fatty acids,
and added sugars were essential in determining cardio-
vascular death.

Secondary analyses

First, we performed PSM on participants with the lowest
and highest HEI-2015 quartile, and a total of 12,558 par-
ticipants were matched, including 6,279 participants with
the lowest HEI-2015 quartile and 6,279 participants with
the highest HEI-2015 score. Supplementary materials
Table S3 shows the weighted baseline characteristics after
PSM. Participants in both groups were well-balanced on
all baseline covariates; The standardized mean differ-
ence for all covariates is 0.1 (Fig. S4). When considering
only the ultimate HEI-2015 score group, we found that
in the female population, the risk of all-cause mortality
was reduced by 27% in the Q4 group compared to the Q1
group. This association was not found in males. However,
we could still observe a trend of women benefiting more,
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Table 3 Associations of HEI-2015 with All-cause and CVD mortality among participants in NHANES 2003-2018
Overall Health Eating Index P trend
Quartile 1 Quartile 2 Quartile 3 Quartile 4
<404 40.5-48.4 48.5-57.1 >57.1
All-cause mortality
Model 1 Referent 1.19(1.08-1.32) 1.14(1.02-1.27) 1.23(1.11-1.37) 0.001
Model 2 Referent 0.93(0.83-1.03) 0.77(0.69-0.86) 0.68(0.61-0.75) <0.001
Model 3 Referent 0.99(0.88-1.1) 0.85(0.75-0.95) 0.76(0.68-0.85) <0.001
CVD mortality
Model 1 Referent 1.2(0.99-1.45) 1.19(0.97-1.47) 1.21(0.98-1.5) 0.115
Model 2 Referent 0.89(0.72-1.09) 0.75(0.62-0.92) 0.6(0.49-0.75) <0.001
Model 3 Referent 0.95(0.77-1.18) 0.83(0.68-1.01) 0.69(0.55-0.85) <0.001
Females Quartile 1 Quartile 2 Quartile 3 Quartile 4 P trend
<41.2 41.3-49.4 49.5-58.3 >58.3
All-cause mortality
Model 1 Referent 1.11(0.95-1.3) 1.03(0.88-1.21) 1.13(0.96-1.34) 0.27
Model 2 Referent 0.84(0.72-0.98) 0.66(0.57-0.76) 0.61(0.51-0.73) <0.001
Model 3 Referent 0.89(0.76-1.05) 0.72(0.62-0.84) 0.66(0.55-0.8) <0.001
CVD mortality
Model 1 Referent 1.02(0.79-1.31) 0.97(0.74-1.25) 1.07(0.79-1.46) 0.738
Model 2 Referent 0.74(0.57-0.95) 0.58(0.45-0.74) 0.53(0.39-0.73) <0.001
Model 3 Referent 0.79(0.6-1.04) 0.66(0.5-0.87) 0.62(0.44-0.87) 0.006
Males Quartile 1 Quartile 2 Quartile 3 Quartile 4 P trend
<39.5 39.6-47.3 47.4-55.9 >55.9
All-cause mortality
Model 1 Referent 1.29(1.09-1.53) 1.3(1.08-1.57) 1.39(1.19-1.63) <0.001
Model 2 Referent 1.01(0.86-1.19) 0.89(0.75-1.06) 0.74(0.64-0.86) <0.001
Model 3 Referent 1.07(0.91-1.26) 0.99(0.83-1.19) 0.85(0.73-0.99) 0.012
CVD mortality
Model 1 Referent 1.37(1.01-1.86) 1.46(1.08-1.99) 1.45(1.1-1.92) 0.012
Model 2 Referent 1.02(0.75-1.4) 0.93(0.68-1.26) 0.69(0.52-0.92) 0.003
Model 3 Referent 1.07(0.79-1.46) 1(0.75-1.33) 0.77(0.57-1.03) 0.033

Data are weighted hazard ratio (95% confidence interval)

Model 1: unadjusted variables

Model 2: Adjusted for age, sex (for all participants only), race/ethnicity, education, and family income-to-poverty ratios

Model 3: Model 2 + smoking status, drinking status, BMI, hypertension, diabetes, HDL cholesterol, TG, TC, eGFR, energy intake, protein intake, and fat intake

even if it was not statistically significant in the male pop-
ulation (Supplementary materials Table S4). Second, in
a cross-sectional analysis of the HEI-2015 score and tra-
ditional risk factors for cardiovascular disease, we found
similar sex specificity.

Interestingly, in terms of the prevalence of hyperten-
sion and obesity, the highest quartile, HEI-2015, was
associated with a significantly lower risk of disease com-
pared to the lowest quartile, HEI-2015. However, the
relative magnitude of the risk—benefit for women was
consistently higher than for men (Supplementary mate-
rials Table $5,5S6). HEI-2015 with malignant tumor and
cardiovascular disease prevalence is only such a negative
correlation observed among women (Table S7,S8). There

was no significant correlation between the prevalence of
diabetes in females and males (Supplementary materials
Table S9). Despite the limitations of the cross-sectional
analysis, these findings suggest that women benefit more
from HEI-2015 scores than men.

Sensitivity analysis

In sensitivity analyses, after excluding participants who
died in the first two years of follow-up and had CHD at
baseline, the relative magnitude of survival benefits in
terms of all-cause mortality and cardiovascular mortality
was consistently higher in females than in males (Supple-
mentary materials Table $10,S11). Similarly, we observed
the same sex differences after excluding participants with
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Fig. 2 Association between HEI-2015 and all-cause and CVD mortality among participants in NHANES 2003-2018. Multivariate adjusted
associations of HEI-2015 with all-cause mortality (A) and CVD mortality (B) were shown for all participants. Multivariable-adjusted association
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the 95% confidence intervals

diabetes and malignancy at baseline (Supplementary
materials Table S12,513).

Discussion

In the nationally representative large-scale study, we
observed evidence of significant sex differences between
self-reported dietary intake and survival benefits. This
association was independent of demographic character-
istics, lifestyle, cardiovascular risk, and diet-related fac-
tors. Multiple sensitivity analyses and stratified analyses
demonstrate the robustness of these results. Both sexes
showed a significant linear negative association in the
dose—response relationship between HEI-2015 and mor-
tality risk. Of these, women had reductions of 34% in all-
cause mortality and 38% in cardiovascular mortality.

In contrast, males obtained 15% reductions in all-cause
mortality and 23% reductions in cardiovascular mortality
from the same degree of high diet quality. Interestingly,
this association was also found for each component, but
this sex specificity was slightly attenuated compared to
the HEI-2015 score. These findings can be used to moti-
vate more people to eat healthily, especially females.

Although a large number of epidemiological studies
have shown that healthy dietary patterns are significantly
negatively associated with cardiovascular disease events
and mortality [36—38]. These reports are generally con-
sistent with our results. However, previous data on sex
differences in the benefits of dietary patterns have been
limited. A large prospective cohort study investigated
the dose-dependent relationship between HEI-2015,
Alternative Mediterranean Diet (AMED), Healthy Plant-
based Diet Index (HPDI), and overall mortality. Sub-
group analysis showed that HEI-2015 reduced the risk of
death by 24% in women and 12% in men [39]. Consist-
ent with previous results, our findings also show that this
sex specificity is also present for the 13 component scores
in HEI-2015, although there is no clear trend in some
components. It is reasonable to infer that these foods are
composed of a combination of multiple nutrients and
phytochemicals that may have additive and synergistic
effects.

There are several possible explanations for the sex dif-
ferences in the effect of diet quality on all-cause mor-
tality and cardiovascular mortality. From a biological
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Fig. 3 Stratified analyses for the associations of HEI-2015 with all-cause mortality and CVD mortality among participants in NHANES 2003-2018.

A All-cause mortality; B CVD mortality. Adjusted for age, sex (for all participants only), race/ethnicity, education, and family income-to-poverty
ratios, smoking status, drinking status, BMI, hypertension, diabetes, HDL cholesterol, TG, TC, eGFR, energy intake, protein intake, and fat intake. When
analyzed stratified, stratified variables were not included in the model. Abbreviations: BMI, body mass index; TG, triglycerides; TC, total cholesterol
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income-to-poverty ratios, smoking status, drinking status, BMI, hypertension, diabetes, HDL cholesterol, TG, TC, eGFR, energy intake, protein intake,

and fat intake

perspective, hormones and gut microbiota may be
essential causes of sex differences. Estrogen may protect
women from heart disease by reducing circulating levels
of bad cholesterol [40], while testosterone increases LDL-
cholesterol and inflammatory marker levels, thereby driv-
ing the progression of atherosclerosis and stroke in men
[41, 42]. In addition, women’s serum leptin levels are 3—4
times higher than that of men, which may be related to
women’s body fat distribution and hormone levels [43].
The increased levels of leptin suppress appetite, making it
easier for women to feel satiated [44], and more inclined
to choose healthy foods rich in fiber and nutrients. More-
over, women have different hormone changes and nutri-
tional needs during pregnancy and lactation compared
to men, which requires them to pay more attention to

healthy diets to meet their own and fetal needs. Previous
studies have also observed differences in gut microbiota
between sexes [45], which may play different roles in their
dietary intake and nutrient absorption to some extent.
In addition to the physiological differences mentioned
above, there are also sex differences in food choices and
health attitudes [25]. Sweets have been shown to be cul-
turally associated with femininity, whereas meat is gener-
ally associated with masculinity. Females consume more
sweets and less red meat than men [26]. The intake of
soft drinks is even lower. Additionally, previous studies
have shown that women consume more fruits and veg-
etables than men. These results are consistent with the
findings of this study. Moreover, these foods were nega-
tively associated with CVD [46] and stroke [47]. The sex
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differences in food choices can be partially attributed to
women’s firm beliefs in health [48, 49]. In terms of the
effectiveness of health communication, recipients with
high self-efficacy were more persuasive about health
messages, especially in a negative framework [50]. This
means that women generally have a higher level of par-
ticipation in health education, and are more willing to lis-
ten to information about healthy eating, make healthier
dietary choices, and cook healthier meals. From a socio-
cultural perspective, women are often expected to pre-
sent the image of a slim figure and take responsibility for
family health, including dietary planning and cooking,
which makes them more focused on weight management
and healthy eating practices, and often feel guilty about
carbohydrates and saturated fatty acids. In contrast, the
social restrictions on men’s body image are less stringent
[27]. In addition, the sex differences in the association of
eating patterns with health outcomes are also related to
the definition of social sex roles or the freedom of indi-
viduals to express their sex roles. Hopwood CJ et al.

found that sex differences are more significant in coun-
tries with higher levels of human development and sex
equality [51]. This means that in these countries, there
are more opportunities for expressing sex roles, resulting
in more pronounced sex differences. This discovery sup-
ports the hypothesis of the sex equality paradox’

The sex difference in prognosis caused by the differ-
ence in HEI-2015 components further indicated the need
to consider the superposition and synergistic effects of
nutrition. When we analyzed each component, there
were differences in the contribution of each component
to the risk of death. In addition, dairy products, vegeta-
bles, and fat scores showed higher benefits. Although the
benefits varied slightly between the sexes, these repre-
sented the highest benefits for both sexes overall.

Dietary guidelines generally recommend low-fat diets,
while high-fat diets are, especially saturated fatty acids,
associated with coronary heart disease and obesity
complications [52]. In recent years, Dehghan et al. have
shown that higher total dairy intake (>2 servings per day
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compared with no intake) is inversely associated with
mortality risk and non-cardiovascular mortality [53].
This is consistent with the results of this study. A meta-
analysis showed that fruit and vegetable consumption,
alone or in combination, was associated with reductions
in all-cause mortality and cardiovascular mortality [54].
However, more recent studies have shown that mixed
fruit and vegetable consumption and vegetable con-
sumption alone are linked to lower all-cause mortality in
women but not in men [55]. In this study, we observed a
significant negative association between vegetable intake
and risk of death in both men and women. Fruit con-
sumption was found to be only negatively associated with
the risk of death in women, not men.

Among these components, we noted a sex-specific
association between sodium intake and mortality risk
rates. Previous studies have shown a U-shaped asso-
ciation between high sodium intake and cardiovascu-
lar disease and overall mortality [56—58]. In another
UK Biobank study, which measured 24-h urinary

sodium excretion in more than 390,000 participants,
the researchers did not observe a significant association
between sodium intake and CVD events. Still, they did
find a J-shaped relationship with all-cause mortality [59].
However, the Health ABC Study with 2,642 older adults
aged 70-79 years showed that FFQ-based sodium intake
was not associated with an increased 10-year mortality
risk [60]. The results are generally consistent with cur-
rent data, although this study was based on a one-unit
increase in sodium scores, which may have significantly
weakened the association. However, it is essential to note
that we also found that reducing sodium intake had a
higher benefit to total mortality risk reduction in women,
providing additional strong support for the association
between high sodium intake and increased risk of cardio-
vascular disease.

When analyzing the relationship between HEI-2015
and all-cause mortality and cardiovascular death in the
female population, we found that age, smoking status,
education level, and eGFR, four potential confounding
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Fig. 7 Feature importance for all-cause mortality and CVD mortality. A-B Males. C-D Females. Predictors include HEI-2015 and components

factors, have significant interactions with these asso-
ciations. Females of different age groups have varying
responses to healthy diets due to differences in hormone
levels, metabolic rates, nutritional needs, health aware-
ness, and so on. Smoking, as a known risk factor for
cardiovascular diseases, may have a negative impact on
health due to harmful substances in tobacco, thereby
reducing the potential benefits of a healthy diet. In addi-
tion, education level may affect individuals’ acquisition
and understanding of health information, which in turn
affects their dietary choices. Women with higher levels of
education are more likely to follow healthy eating guide-
lines. Finally, impaired kidney function can also affect
the processing and metabolism of nutrients, so women
with lower eGFR may not receive the same cardiovas-
cular benefits from a healthy diet as those with normal
kidney function. In summary, these confounding factors
may affect the relationship between HEI-2015 and health
outcomes through different mechanisms, needing to
be adjusted and considered in further research to more
accurately assess the impact of a healthy diet on women’s
health.

The study has several advantages. The large sample size
and number of events, as well as long-term follow-up,

provided enough power to reveal a modest association
between HEI-2015 and the risk of death. Although HEI-
2015 has been proven to benefit both sexes, we catego-
rized the diet by component importance to maximize the
survival benefits. However, some limitations of this study
need to be mentioned. First, all dietary data collected was
self-reported. Although a standardized questionnaire was
used, the report was calculated based on self-reported
24-h food recall data, which may not be representative
of habitual eating behavior and may have recall bias. Eat-
ing habits, in particular, may vary depending on occupa-
tion, recall time, weekends, etc. Moreover, because of the
simplicity of our scoring algorithm, it was challenging to
completely eliminate the effects of differences between
people based on just two days of intake. Second, given
the observational design of this study, causality cannot be
inferred, and the results should be interpreted with cau-
tion. Again, these results are based on U.S. adult partici-
pants, which may limit generalizations to populations in
other countries. Then, to mitigate the impact of potential
confounding factors on the results. Sensitivity analyses
were performed to exclude participants who died during
the first two years of follow-up and who had self-reported
diabetes, hypertension, CVD, or malignancy at baseline.
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However, unknown confounding factors that may have
influenced the results cannot be completely ruled out,
including reports of differences between men and women
and sex-related effects of dietary habits on outcome
events over time. Given that death is a complex, multi-
factorial end event involving multiple genetic, behavioral,
and environmental causes, there are still some unknown
or unidentified confounding factors. Finally, genetic risk
factors affecting dietary metabolism were not analyzed.
Therefore, in future studies, it would be interesting to
investigate the sex correlation of potential interactions
between diet and genes on cardiovascular mortality and
all-cause mortality.

Conclusion

In summary, we found evidence of sex differences
between diet and all-cause and cardiovascular deaths
in this nationally representative cohort of U.S. adults.
Overall, women obtained a more significant reduction
in risk of all-cause death and cardiovascular death from
HEI-2015 compared to men. Recognizing the limita-
tions of a one-size-fits-all approach to health, increas-
ing attention to sex differences in diet-related benefits
could increase the perspective of personalized medi-
cine to improve health outcomes for all. Nevertheless,
the impact of HEI-2015 and its components on cardio-
vascular disease mortality and all-cause mortality rela-
tive to sex requires further research.
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