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Abstract

Purpose To our knowledge, no studies have examined the association of diet quality and plant-based diets (PBD) with
inflammatory-related mortality in obesity. Therefore, this study aimed to determine the joint associations of Healthy Eat-
ing Index-2015 (HEI-2015), plant-based dietary index (PDI), healthy PDI (hPDI), unhealthy PDI (uPDI), pro-vegetarian
dietary index (PVD), and systemic inflammation with all-cause, cardiovascular disease (CVD), and cancer mortality risks
by obesity status.

Methods Participants from NHANES were included in cross-sectional (N=27,915, cycle 1999-2010, 2015-2018) and
longitudinal analysis (N=11,939, cycle 1999-2008). HEI-2015, PDI, hPDI, uPDI, and PVD were constructed based on
the 24-h recall dietary interview. The grade of inflammation (low, moderate, and high) was determined based on C-reactive
protein (CRP) values and multivariable ordinal logistic regression was used to determine the association. Cox proportional
hazard models were used to determine the joint associations of diet and inflammation with mortality.

Results In the fully adjusted model, HEI-2015 (OR¢3,r; =0.76, 95% C10.69-0.84; p-trend = <0.001), PDI (OR 5,1y =0.83,
95% CI 0.75-0.91; p trend = <0.001), hPDI (OR3,,r; =0.79, 95% CI 0.71-0.88; p trend= <0.001), and PVD
(OR 3,571 =0.85,95% CI 0.75-0.97; p trend =0.02) were associated with lower systemic inflammation. In contrast, uPDI
was associated with higher systemic inflammation (ORp3,¢r;=1.18, 95% CI 1.06-1.31; p-trend =0.03). Severe inflamma-
tion was associated with a 25% increase in all-cause mortality (ORqp3,p; =1.25, 95% CI 1.03-1.53, p trend=0.02). No
association was found between PDI, hPDI, uPDI, and PVD with mortality. The joint association, between HEI-2015, levels
of systemic inflammation, and all-cause, CVD and cancer mortality, was not significant. However, a greater reduction in
mortality risk with an increase in HEI-2015 scores was observed in individuals with low and moderate inflammation, espe-
cially those with obesity.

Conclusion Higher scores of HEI-2015 and increased intake of a healthy plant-based diet were associated with lower inflam-
mation, while an unhealthy plant-based diet was associated with higher inflammation. A greater adherence to the 2015 dietary
guidelines may reduce the risk of mortality associated with inflammation and may also benefit individuals with obesity who
had low and moderate inflammation.

Keywords Inflammation - C-reactive protein - Obesity - Healthy Eating Index - Pro-vegetarian diet - Plant-based dietary
index
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Introduction

More than 50% of global mortality in 2019 was attrib-
uted to chronic conditions, such as cardiovascular diseases
(CVD), diabetes, and certain types of cancer [1]. Con-
sumption of a healthy diet can reduce the risk of chronic
diseases and mortality [2-4]. This beneficial effect is pro-
posed to be partly mediated by the anti-inflammatory prop-
erties of diet which reduces systemic inflammation [5-7].
Current studies have focused on independently examin-
ing the association between dietary patterns and systemic
inflammation or mortality [4, 8]. To our knowledge, there
are no studies investigating the joint association of these
factors together. Furthermore, less emphasis was given to
the level of inflammation and obesity status, despite the
fact they are pivotal predictors of chronic disease risk [9]
and potentially mediate the diet—-mortality relationship
[10]. Therefore, evidence on whether a healthy diet can
eliminate mortality risk in different levels of inflammation,
and when obesity is present, is warranted.

Adherence to a high diet quality is associated with
lower inflammation and mortality risk [8, 11]. In the US,
diet quality is often measured using the Healthy Eating
Index (HEI), an energy density-based score which assesses
the adherence of the US population to the Dietary Guide-
lines for Americans (DGA) [12]. HEI-2015 was recently
developed to reflect the 2015-2020 DGA. It differs from
HEI-2010 in the allocation of legumes to all vegetable
and protein food components, and inclusion of saturated
fats and empty sugars, replacing empty calories, as food
group components in the index [12]. With the previous
HEI versions, the association between diet quality and
inflammatory biomarkers was inconsistent, although it
was accepted that high diet quality was associated with
lower risk of all-cause, CVD, and cancer mortality [4, 8].
However, evidence for this reduction is scarce when using
the HEI-2015.

A global shift toward eating plant-based diets (PBD) has
been increasingly promoted given the inverse association
with CVD, cancer, type 2 diabetes, and other cardiometa-
bolic risks [13-15], as well as their environmental sustain-
ability impact [16]. Despite this, the previous evidence on
PBD mainly focused on the vegetarian diet which exclu-
sively includes plant-based diet and omits animal-sourced
food, with no differentiation of PBD quality. Two dietary
indices were developed to assess the intake of PBD, a pro-
vegetarian diet index (PVD) [17], and plant-based dietary
index (PDI) [18]. PVD and PDI are distinct since they
include different numbers of food groups into the scoring,
13 and 18 groups, respectively [17, 18]. PVD does not
include tea and coffee, sugar sweetened beverages, sweets
and desserts, salty food group miscellaneous animal foods
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[17]. PDI further segregates PBD into healthy (hPDI) and
unhealthy PDI (uPDI), allowing assessment of PBD qual-
ity [18]. To date, only a few studies have examined PDI
and PVD and they showed inconsistency in the associa-
tion between PBD with inflammation or mortality risks
[19-21].

To our knowledge, no studies have examined the joint
association between diet quality, PBD, and inflammation
with all-cause, CVD, and cancer mortality risks. Therefore,
this study aimed to determine: (1) the association between
HEI-2015, PDI, hPDI, uPDI, and PVD with C-reactive pro-
tein (CRP) and mortality risks; and (2) the joint associations
between these indices and systemic inflammation with all-
cause, CVD and cancer mortality risks. We hypothesized
that adherence to a high diet quality or increased consump-
tion of a PBD is associated with reduced inflammation, and
mitigation of inflammatory-associated mortality risks in
obesity.

Materials and methods

This study is reported based on STROBE-nut guidelines
(Supplementary Table 1).

Study design and population

This study used the publicly available data from the National
Health and Nutrition Examination Survey (NHANES)
[22] in the United States. The characteristics and design
of the study have been described in detail previously [23].
Participants with missing data and those with CRP lev-
els> 10 mg/L (indicating acute inflammation) [9, 24] were
excluded from the study. A total of 27,915 participants from
NHANES cycle 1999-2010 and 2015-2018 were included
in the cross-sectional analysis to examine the association
between HEI-2015, PDI, hPDI, uPDI, and PVD with the
grade of inflammation (Fig. 1). A total of 11,939 participants
from NHANES 1999-2008 were included in the longitudi-
nal analysis to examine the association between HEI-2015,
PDI, hPDI, uPDI, PVD, inflammation with all-cause, CVD,
and cancer mortality risks. Participants with missing values
for exposure and outcome variables, as well as covariates
were excluded from the analysis.

Dietary intake assessment and analysis

Assessment of dietary intake data in NHANES has been
described previously [23]. In brief, a repeated 24-h recall
interview was used to collect the data. In cycle 1999-2002,
one 24-h dietary recall was conducted in-person in the
NHANES Mobile Examination Center. From cycle
2003, a second 24-h recall via a telephone interview was
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Fig. 1 Flowchart of the study
design. CRP C-reactive protein,
FPIR family poverty to income
ratio, BMI body mass index,
CVD cardiovascular diseases

conducted approximately 3—10 days after, in addition to
the first in-person recall. This study only used the first-
day 24-h dietary recall data for several reasons. First, the
methods used to obtain dietary intake data were different
between days with face-to-face meeting for the first 24-h

National Health and Nutrition Examination
Survey (NHANES)
1999-2018
N=101,316

Excluded

Cycle 2011 and 2013 due to missing
CRP/mortality data (N=19,931} and
participants age <20 years old (N=37,633)

Participants age = 20 years old
NHANES cycle 1999-2010, 2015-2018
N =43,752

Missing values

Exposure and outcome variables
{N=8,033)

Dietary intake = 6,135

CRP =8,033

Covariates (N=4,164)
Marital status = 361
Education =41

FPIR = 2,763
Smoking = 27
Physical activity =3
cvD=3

Cancer =36
Hypertension = 619
Arthritis = 67
Cholesterol =110

No weighting variables (N=10})

A

Final participants
Cross-sectional analysis
NHANES cycle 1999-2010, 2015-2018
N = 27,915

Excluded

Participants with CRP >10 mg/L {N=3,630)

Excluded
Cycle > 2008 (N=11,554})

Participants with CVD, cancer or diabetes

(N=4,414)
Missing values for mortality (N=8)

Final participants
Longitudinal analysis
NHANES cycle 1999-2008
N=11,939

dietary recall followed by a telephone interview for the
remaining dietary data. Second, to facilitate comparison
with previous evidence, using the first-day dietary data,
we chose to use the face-to-face dietary data. Finally, there
was a significant number of missing observations for the
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second day dietary data. Macronutrient and micronutrient
components of food were determined based on the U.S.
Department of Agriculture (USDA) Food and Nutrient
Database for Dietary Studies 1999-2008 [25]. Food and
beverages were classified into 37 components of USDA
Food Patterns by linking participant data to the USDA
Food Patterns Equivalents Database [25]. The dietary sam-
pling weights were used to account for the complex study
design, missing dietary data, and post-stratification.

Healthy eating index

The overall diet quality of the population was assessed
using the HEI-2015 score which reflects adherence to
the 2015-2020 DGA [12, 26]. The HEI-2015 includes
13 food and nutrient groups, encompassing 9 adequacy
(total fruit, whole fruit, total vegetables, greens and beans,
whole grains, dairy, total protein foods, seafood and plant
proteins, and fatty acids) and 4 moderation components
(refined grains, sodium, added sugars, and saturated fats).
The HEI-2015 assesses densities (per calorie) of consumed
food groups and nutrients rather than absolute amounts
and does not account for nutrients from dietary supple-
ments. Scoring of HEI-2015 is provided in Supplemen-
tary Table 2. Briefly, a score of 0-5 was given for total
fruits, whole fruits, total vegetables, greens and beans,
total protein foods, seafood and plant proteins. A score of
0-10 was allocated to whole grains, dairy, fatty acids, and
all moderation components. Scores were given based on
energy density (excluding fatty acids) per 1000 cal, with
a maximum total score of 100. HEI scores > 80 indicate a
good quality diet, a score ranging from 51 to 80 indicates
a diet that needs improvement, and a score <51 reflects
poor diet quality [27].

Pro-vegetarian diet index

We constructed PVD using a method described previ-
ously [17]. In brief, it involves consumption of seven
plant-sourced food groups (fruit, vegetables, nuts, cereals,
legumes, olive oil, and potatoes) and five animal-sourced
food groups (added animal fats, eggs, fish, dairy prod-
ucts, meats and meat products) (Supplementary Table 3).
Participants consumption of those 12 food groups were
divided into deciles and each decile was given a score
1-10. For each participant, positive scores were given to
plant-sourced food groups while reverse scores were given
to animal-sourced food groups. Scores of an individual
from the 12 food groups were summed to obtain the indi-
ces. The scores for PVD range from 12 to 120 [17].
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Plant-based dietary indices

PDI, hPDI, and uPDI were constructed following a previ-
ously described method [18]. In brief, food items were con-
densed into 18 food groups based on nutrient and culinary
similarities and classified under 3 larger categories: animal-
based foods, healthy and less healthy plant-based foods
(Supplementary Table 3). Healthy and less healthy plant-
based foods were separated based on the existing knowl-
edge on the association between plant food components with
intermediate conditions and health outcomes [18]. Marga-
rine was excluded from the indices as the fatty acids con-
tent has changed from high levels of trans fat to unsaturated
fats [18]. Alcoholic beverages were also excluded from the
indices given their unclear association with different health
outcomes. However, alcohol was adjusted for in the analysis
[18].

Food groups were divided into deciles and each decile
was given a score 1-10. For PDI, a score of 10 was given
to participants for each plant food group, if they were above
the highest decile of consumption, a score of 9 if they were
above the second highest decile but below the highest decile,
and so on. A score of 1 was allocated for consumption below
the lowest decile. For each animal food group, reverse
scores were given to the participants. For hPDI, positive
scores were allocated to healthy plant food groups while
reverse scores were given to less healthy plant and animal
food groups. Conversely, positive scores were given to less
healthy plant food groups, and reverse scores to healthy plant
and animal food groups, for uPDI. Scores for the 18 food
groups were summed for each participant to obtain the indi-
ces. The possible score range was 18 to 180.

Measurement of CRP, mortality, and other
covariates

The CRP (high sensitivity) values were examined using
an immunoturbidimetric system from the collected blood
samples. The detailed method for each cycle has been
described previously [28]. For the cross-sectional analysis,
the CRP values were categorized into low (<3 mg/L) and
severe (>3 mg/L) [29]. For the longitudinal analysis, the
CRP values were categorized into low (< 1 mg/L), moderate
(1-3 mg/L), and high (>3 mg/L) inflammation [9].
Ascertainment of mortality for the included participants
were obtained from National Center for Health Statistics
Public-Use Linked Mortality Files with a probabilistic
matching algorithm to the National Death Index [30]. We
considered the mortality data up to 2015 for participants in
the NHANES cycle 1999-2008 to allow sufficient lag time
to determine mortality rates [31], with a mortality status
equal to O considered to be alive through to the end of 2015.
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We selected covariates based on previous literature and
summarized in a directed acyclic diagram (Supplementary
Fig. 1). Those covariates include sociodemographic factors
(age, sex, race, marital status, education, family poverty to
income ratio), behavioral factors (smoking, physical activity,
alcohol intake), chronic conditions (CVD, cancer, arthritis,
diabetes, hypertension, cholesterol), and body mass index
(BMI). Measurement of the covariates has been described in
the NHANES survey methods and analytics guidelines [23]
and NHANES Laboratory Data [28]. A summary of assess-
ment methods and type of the covariates data is provided in
Supplementary Table 4.

Statistical analyses

A complete case analysis was used. HEI-2015, PDI, hPDI,
uPDI, and PVD were categorized into tertiles based on par-
ticipant intake scores. Categorization was undertaken to
facilitate interpretation of association estimates in relevance
to clinical settings and public health practice and to allow
comparison with other studies.

Descriptive analysis of covariates was performed across
tertiles of dietary indices. For continuous and normally
distributed variables, mean, median and standard devia-
tion were calculated. For categorical variables, proportions
were used. Significant differences across dietary indices ter-
tiles were determined using ANOVA and Chi-square tests.
Multivariable logistic regression was used to determine the
odds ratio of the association between dietary measures and
the grade of inflammation. Cox proportional hazard models
were used to examine the association between the dietary
indices and all-cause, CVD and cancer mortality.

Four models were developed for the cross-sectional and
longitudinal analysis. Model one was adjusted for sociode-
mographic factors. Model two was additionally adjusted for
behavioral factors. Model three was additionally adjusted for
chronic conditions. Model four was additionally adjusted for
BMI and total energy intake (PBD and PVD models only).
The p value for trend was determined using tertiles as a con-
tinuous variable.

We developed additional Cox proportional hazard mod-
els, with exposure variables that combine dietary measure
tertiles and inflammation levels to determine the joint asso-
ciation of HEI-2015, systemic inflammation and mortality.
We derived a joint variable that combined the HEI-2015
score and inflammation levels. The participants in the high-
est tertile of HEI-2015, the low inflammation group, served
as the reference.

Subgroup analysis based on obesity status was per-
formed in both cross-sectional analysis on the associa-
tion between HEI-2015, PDI, hPDI, uPDI, and PVD with
systemic inflammation, and the joint association between
HEI-2015, systemic inflammation, and all-cause mortality.

Obesity status was determined based on BMI following the
World Health Organization definition, with BMI > 30 km/
m? defined as obesity and BMI < 30 kg/m? defined as non-
obesity [32]. Stratification by obesity status was deter-
mined based on a theoretical justification.

The statistical analyses were performed with STATA/
SE version 17 (Stata, StataCorp LP, College Station, TX,
USA). Data visualization was performed using RStudio
version 2022.02.3 [33] and R package ggplot2 [24].

Results
Characteristic of participants

Characteristics of participants for the cross-sectional anal-
ysis are presented in Table 1 and Supplementary Table 5.
Participants in higher tertiles of the HEI-2015, PDI, hPDI,
and PVD were likely to be older, married or living with a
partner, more physically active, non-/ex-smoker, and had
a higher level of education. In contrast, participants in the
higher tertiles of uPDI were likely to be younger, had a
lower physical activity level, and had a BMI > 30 kg/m>.
HEI-2015 scores of the participants ranged between 8 and
100 with a mean score of 50.4, suggesting a poor diet qual-
ity [27]. The mean follow-up year was 11.2+3.2, 1149
deaths were attributable to all-causes, 222 deaths were
caused by CVD, 263 deaths were caused by cancer, and
the overall mortality rate was 5.3 per 1000 person-years.

Association between dietary indices
and inflammation

The odds ratio of the association between dietary indices
and inflammation in the fully adjusted model is presented
in Fig. 2 (details for the other models are provided in Sup-
plementary Table 6-8). HEI-2015 (OR3,,1; =0.76, 95%
CI0.69-0.84; p trend = < 0.001), PDI (OR3,r; =0.83,
95% CI 0.75-0.91; p trend = <0.001), hPDI
(ORyp3,11 =0.79, 95% CI 0.71-0.88; p trend = <0.001),
and PVD (ORp3,r; =0.85, 95% CI 0.75-0.97; p
trend = 0.02) were associated with lower systemic inflam-
mation in the fully adjusted model, in all participants.
In contrast, uPDI was associated with higher systemic
inflammation (ORy3,.r; =1.18, 95% CI 1.06-1.31; p
trend =0.03). The association between all dietary indices
and systemic inflammation remained strong in participants
with or without obesity with no marked changes in the
effect size, except for uPDI in participants without obesity
(ORp3ys11 =1.14,95% CI 1.00-1.29; p-trend =0.03).
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Fig.2 Odds ratio of the association between different dietary indi-
ces and systemic inflammation in a fully adjusted model. HEI-2015
Healthy Eating Index-2015, PDI plant-based dietary index, HPDI
healthy plant-based dietary index, UPDI unhealthy plant-based

Joint association between HEI-2015 and mortality

The association between HEI-2015, CRP, and mortality
risks is presented in Table 2. In the fully adjusted model,
the highest tertile of CRP was associated with all-cause
mortality risk in all participants (ORps,er; =1.25, 95% CI
1.03-1.53, p trend =0.02). The highest tertile of HEI-2015
was also associated with reduced all-cause mortality risk in
all participants. Association between severe inflammation
and all-cause mortality was stronger in people with obesity
compared to those without obesity. HEI-2015 was associ-
ated with reduced CVD and cancer mortality. No association
was observed between CRP with CVD or cancer-associated
mortality risk. We also explored the association between
PBD indices and PVD with mortality; however, no asso-
ciation was found in the fully adjusted model for all par-
ticipants (Supplementary Table 9). The joint associations
between HEI-2015 and the grade of inflammation with all-
cause, CVD, and cancer mortality are presented in Fig. 3
and Supplementary Table 10. No association was found for
the joint associations, except for all-cause mortality risk in
participants with severe inflammation in the second tertile
of HEI-2015 (HRp3yr; =1.45, 95% CI 1.02-2.05) of the
fully adjusted model. A greater reduction of mortality risk
with an increase of HEI-2015 scores (tertile 1 to tertile 2)
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Odds Ratio (95% Cl)

Odds Ratio (95% Cl)

dietary index, PVD pro-vegetarian dietary pattern, CI confidence
interval. Total participants (N=27,915), individuals without obesity
(N=18,454), individuals with obesity (N=9461)

was observed in individuals with low and moderate inflam-
mation. When comparing people with and without obesity,
adherence to higher scores of HEI-2015 was not associated
with decreased all-cause mortality in participants with obe-
sity who had severe inflammation.

Discussion

This study is the first, to our knowledge, to examine the
joint association of diet quality and inflammation with all-
cause, CVD, and cancer mortality, in healthy and people
with obesity. We found that higher adherence to HEI-2015,
overall/healthy PDI, or PVD was associated with lower
inflammation. In the longitudinal analysis, higher HEI-2015
scores were associated with a reduced CVD mortality risk.
A greater adherence to the dietary guidelines may mitigate
inflammation-associated all-cause, CVD, and cancer mortal-
ity risks, particularly for participants with moderate levels
of inflammation.

Diet quality, plant-based diets, and inflammation

Our results relating to diet quality and inflammation are con-
sistent with previous cross-sectional studies using HEI-2015.
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Table 2 Hazard Ratios of all-cause, CVD, and cancer mortality risk based on tertiles of HEI-2015 and CRP
HEI-2015 Inflammation (CRP)
Model Hazard ratio (95% confidence interval) ptrend Hazard ratio (95% confidence interval) p trend
T1 T2 T3 Low Moderate Severe
All cause
All population
Death/Total ~ 331/3980  372/3980 446/3979 277/4032  470/4535 402/3372
Model 1 1.00 0.81 (0.68-0.98)  0.80 (0.64-0.99)  0.05 1.00 1.02 (0.82-1.28) 1.27 (1.05-1.54)  0.01
Model 2 1.00 0.82 (0.69-0.99) 0.88 (0.71-1.09)  0.26 1.00 0.98 (0.78-1.23) 1.18 (0.98-1.42) 0.06
Model 3 1.00 0.83 (0.69-1.00) 0.88 (0.71-1.09)  0.25 1.00 0.98 (0.78-1.23)  1.17 (0.97-1.43) 0.08
Model 4 1.00 0.83 (0.69-1.00) 0.87 (0.70-1.08) 0.24 1.00 1.02 (0.81-1.29) 1.25(1.03-1.53)  0.02
Obesity
Death/Total 89/1228 70/1095 101/1020 26/477 113/1305 121/1591
Model 1 1.00 0.63 (0.42-0.96) 0.82 (0.58-1.16)  0.30 1.00 1.17 (0.65-2.11)  1.24(0.70-2.18)  0.43
Model 2 1.00 0.64 (0.42-0.97) 091 (0.65-1.28)  0.60 1.00 1.15(0.64-2.07)  1.21 (0.69-2.13)  0.48
Model 3 1.00 0.66 (0.44-0.99) 0.92 (0.65-1.29) 0.65 1.00 1.17 (0.65-2.11)  1.25(0.71-2.20) 0.41
Non-obesity
Death/Total ~ 242/2752  302/2885 345/2959 251/3585  357/3230 281/1781
Model 1 1.00 0.94 (0.75-1.18)  0.85(0.65-1.10)  0.21 1.00 1.00 (0.78-1.28)  1.30(1.04-1.62)  0.03
Model 2 1.00 0.95 (0.76-1.19)  0.94 (0.72-1.23)  0.66 1.00 0.95(0.74-1.23) 1.17 (0.93-1.46) 0.18
Model 3 1.00 0.95 (0.76-1.19)  0.93 (0.72-1.21)  0.60 1.00 0.95 (0.73-1.22) 1.15(0.91-1.45) 0.27
CVD
All population
Death/Total ~ 74/3980 64/3980 84/3979 56/4032 94/4535 72/3372
Model 1 1.00 0.62 (0.41-0.95) 0.62(0.42-0.92)  0.03 1.00 1.12 (0.80-1.57)  0.93 (0.65-1.35)  0.68
Model 2 1.00 0.63 (0.42-0.97) 0.69 (0.47-1.02) 0.08 1.00 1.03 (0.73-1.47) 0.82(0.56-1.21)  0.29
Model 3 1.00 0.64 (0.42-0.99) 0.69 (0.47-1.03)  0.08 1.00 1.01 (0.71-1.43)  0.80(0.54-1.18)  0.23
Model 4 1.00 0.64 (0.42-0.99) 0.69 (0.47-1.02) 0.08 1.00 1.03 (0.70-1.51)  0.82(0.55-1.22)  0.28
Cancer
All population
Death/Total 81/3980 83/3980 99/3979 69/4032 114/4535 80/3372
Model 1 1.00 0.82 (0.53-1.28) 0.72(0.44-1.19) 0.20 1.00 0.95 (0.59-1.52) 0.85(0.51-1.40) 0.51
Model 2 1.00 0.83 (0.54-1.28) 0.78 (0.48-1.28) 0.33 1.00 0.90 (0.56-1.46) 0.77 (0.47-1.27)  0.31
Model 3 1.00 0.82 (0.53-1.28) 0.78 (0.48-1.27) 0.32 1.00 0.91 (0.56-1.49)  0.79 (0.48-1.30) 0.35
Model 4 1.00 0.82 (0.53-1.28) 0.77 (0.48-1.26)  0.31 1.00 0.92 (0.55-1.55) 0.80(0.47-1.36) 0.41

Hazard ratio from multivariable Cox proportional hazards. HEI-2015 Healthy Eating Index-2015, CRP C-reactive protein, CVD cardiovascular
diseases. Total participants (N=11,939), non-obesity (N=_8596), obesity (N=3343)

Model 1: adjusted for socioeconomic factors (sex, age, race, marital status, education, family poverty to income ratio)
Model 2: additionally adjusted for behavioral factor (PAL, smoking, alcohol intake)

Model 3: additionally adjusted for chronic conditions (CVD, cancer, diabetes, arthritis, cholesterol, hypertension)

Model 4: additionally adjusted for BMI
Bold denoted significant p value (<0.05)

The Mitchelstown cohort of the Cork and Kerry Diabetes
and Health Diseases Study in Ireland reported that levels of
inflammatory biomarkers (i.e., CRP, IL-6 and TNF-a) were
lower in individuals with higher HEI-2015 scores[34]. A
study of NHANES 2005-2010 reported the highest quintile
of HEI-2015 was associated with a 17% lower level of hs-
CRP in adults [29]. In our study using NHANES 1999-2010

and 2015-2018, we found higher scores of HEI-2015 were
associated with a 16-24% reduction in hs-CRP. This finding
is also in accordance with evidence using the previous HEI
versions [35, 36], although some have reported no associa-
tion in studies only using female participants [37, 38].

Our study is one among only a few that have explored the
association between PBD and inflammation. We found that
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Fig. 3 Joint association between A
HEI-2015, systemic inflamma-
tion and A all-cause mortality
risk in the total population; B
all-cause mortality risk in the
non-obesity group; C all-cause
mortality risk in the obesity
group; D) CVD mortality risk;
and E cancer mortality risk.
Total participants (N=11,939),
individuals without obesity
(N=28596), individuals with
obesity (N=3343). T1, T2,

N

Hazard Ratio (95% CI)
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adherence to a healthy PDI was associated with a 15-21%
reduction in hs-CRP. This is in accordance with the Nurse’s
Health Study (NHS), where healthy PDIs were associated
with a reduction in hs-CRP levels in cross-sectional (13.6%)
and longitudinal (17.8%) analysis [39]. In addition, a lower
hs-CRP level was associated with an increased hPDI score
in Saudi Arabian [40] and American females with over-
weight/obesity [41]. We also showed that unhealthy PDI

@ Springer

were associated with increased inflammation, in line with
previous observational studies [39, 40, 42]. Furthermore,
this study revealed an inverse association between overall
PDI and inflammation which diverged from previous evi-
dence, reporting no association between overall PDI and
hs-CRP [39, 40, 42]. This could be due to the small sample
size included in the previous studies. In addition, a study of
the NHS cohort reported that BMI attenuated the association
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[39]. Consistent with this observation, our fully adjusted
model demonstrated a similar effect of BMI, although it did
not affect the direction of association.

We also found that the PVD was associated with a
12—15% reduction in hs-CRP, consistent with the results of
the overall PDI. PVD has been associated with a lower risk
of metabolic syndromes [17, 43] and cardiovascular-related
risks [44] but no study has explored PVD with inflammation
as an outcome, particularly in the US population. This result
is expected given that PVD and overall PDI share similar
food groupings and scoring methods [17, 18]. In support to
our findings, a recent systematic review showed that studies
using indices that emphasize intake of PBD (e.g., DASH,
vegan/vegetarian pattern, HEI-2010, Mediterranean and
paleolithic diet) were associated with lower levels of oxida-
tive stress and inflammatory biomarkers, including hs-CRP
[45].

When comparing between HEI-2015, overall PDI, and
PVD in the association with hs-CRP, we found the associa-
tion was stronger for HEI-2015, followed by the overall PDI
and PVD. This suggests that HEI-2015 could be a better
predictor of inflammation. HEI-2015 is constructed based
on a combination of food groups and nutrient components
[12]. This is different from PDI and PVD where both only
consider food groups [17, 18]. In accordance to our find-
ings, this may indicate that including nutrient components
in dietary indices is necessary to examine the association
between diet and inflammation.

Furthermore, subgroup analysis by obesity status revealed
a greater reduction of hs-CRP in individuals with obesity
compared to ones without obesity who adhere to high diet
quality and overall PBD (HEI-2015:19-25% vs. 13-22%,
PDI:15-22% vs 14-18%). Altogether, our cross-sectional
results suggest that higher diet quality and higher intake of
healthy PBD were associated with lower systemic inflamma-
tion with a greater effect in participants with obesity.

Joint associations of diet and inflammation
on mortality

We showed that HEI-2015 and hs-CRP are independent pre-
dictors of mortality. Adherence to HEI-2015 was associated
with a reduction in CVD mortality. Likewise, HEI-2015 was
associated with all-cause and cancer mortality. These find-
ings are in line with several cohort studies in the general US
population [46, 47] and Spain [48].

We found no association between higher intake and the
quality of PBDs with all-cause mortality. Although this is
surprising, given PBDs have been associated with lower
risks of CVD, cancer, and type 2 diabetes [49-51]. Previ-
ous evidence reporting the association between PBDs and
mortality is inconsistent [21, 52, 53]. A study of NHANES
IIT (1988-1994) reported no association between overall PDI

and uPDI with all-cause and CVD mortality while a non-
linear association was observed between hPDI and lower all-
cause mortality risk [21]. Conversely, associations between
overall PDI and hPDI with lower all-cause mortality risk,
and uPDI with higher all-cause mortality risk, were found
in a study using NHANES 1999-2014 data [52]. Our results
for PVD also differ from previous studies which reported
higher PVD scores with lower all-cause mortality risk in the
US [20] and older Spanish [17, 54] population. These may
be due to differences in methodological approaches (e.g.,
variation in dietary intake data used, inaccuracies in cause-
of-death information) and the possibility that participants
changed their dietary habits during the follow-up time. Fur-
ther examination is warranted to confirm our findings.

The joint association suggests that a greater adherence
to the dietary guidelines may reduce all-cause, CVD, and
cancer mortality risk in all grades of inflammation. This
protective effect is biologically plausible since a health-
ier diet, or high diet quality, is characterized by intake of
vegetables, fruits, nuts, and legumes, which compose the
healthy plant-based foods. These food groups contain anti-
inflammatory and antioxidants components (e.g., dietary
fibers, vitamins, polyphenols, and unsaturated fatty acids)
which reduce inflammation [5—-7]. Conversely, poor diet or
low diet quality, often characterized by animal-based foods
(e.g., red meat, saturated fats) and unhealthy plant-based
foods, was associated with increased inflammation, partly
due to their pro-inflammatory properties [55, 56]. In obesity,
all-cause mortality risk was lower with greater adherence to
the dietary guidelines in low and moderate inflammation but
not for severe inflammation. This indicates that a diet with
anti-inflammatory properties alone might not be effective
to reduce mortality risk in the obesity. This is likely due to
the tenacious nature of low-grade systemic inflammation in
obesity [57].

We also observed a weak or null association in the joint
associations. This may be due to the scoring of protein
intake in the index. In the last two versions, HEI-2010 [58]
and HEI-2015 [47], protein intake is separated into total
protein foods and seafood and plant proteins components
to indicate consumption preference. However, in the ear-
lier versions, HEI-1995 [59] and HEI-2005 [60], they were
allocated to the meat (and beans) component. Thus, this may
affect the strength of association. The alternate healthy eat-
ing index (AHEI) has been suggested as a better predictor
of chronic diseases risk compared to HEI [61, 62]. However,
the focus of this study was the association between adher-
ence to the dietary guidelines, inflammation, and mortality.
As AHEI may not reflect adherence to the dietary guidelines,
the HEI was chosen. In addition, it is also plausible that dif-
ferent CRP cutoff levels used to classify inflammation status
could influence the strength of the association. Future stud-
ies are warranted to confirm the suitability of HEI and the
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use of AHEI to assess the joint association between systemic
inflammation and mortality.

Strengths and limitations

The study strengths include the large number of participants,
representative of the general US adult population, with a
mean of 11.2-year follow-up. The study is one among the
few that has used the general adult population data to exam-
ine the association between diet quality, PBDs, inflamma-
tion, and mortality in prospective cohort design [47, 52, 63,
64]. We also only included participants who completed a
face-to-face 24-h dietary recall given there was a significant
number of missing observations for the second day dietary
data; and to facilitate comparison with previous evidence.
There are some limitations which should be considered.
Given dietary intake data were only obtained at baseline
with repetitive assessment unavailable with the NHANES
data, it is possible that participants changed their diets dur-
ing the follow-up period which may impact on the associa-
tions. The percentage of missing data that were excluded in
this study was quite high (e.g.,> 10% for hs-CRP values).
This might impact on the strength of association. The use
of 24-h dietary recall may not fully reflect habitual dietary
intake of the participants since it is unable to account day-
to-day variation. Furthermore, the grade of inflammation
was assessed solely based on hs-CRP levels. Nonetheless,
CRP is widely used as a clinical biomarker of inflammation
[65], is a predictor of CVD risk [9], and is associated with
increased risk of all-cause and cancer mortality [2]. We were
not able to determine causality given the nature of observa-
tional studies, there are potential residual confounders that
may affect the association. In addition, caution should be
taken in interpreting results with wide confidence intervals,
which could be due to a sample size limitation in subgroups.

Conclusion

We found that higher scores for HEI-2015 and healthy
PDI were associated with lower inflammation, while an
unhealthy plant-based diet was associated with higher
inflammation. A greater adherence to the dietary guidelines
may reduce all-cause, CVD, and cancer mortality risk in all
grades of inflammation. Adherence to the dietary guidelines
may also benefit individuals with obesity where the inflam-
matory status falls into the low and moderate range. Our
findings support dietary guidelines, recommendations, and
health promotion activities that highlight adherence to high
diet quality, increased intake of healthy PBDs, and reduced
consumption of animal-sourced diets for better health.
Importantly, they suggest the need for improving dietary
guidelines or recommendations that are more focused on
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addressing inflammation by (1) emphasizing plant-based
diet quality, (2) considering pro/anti-inflammatory nutri-
ent components, and 3) tailoring the recommendations for
population subgroups based on obesity and inflammatory
status. Further studies that include different inflammatory
biomarkers, repeated assessment of dietary intake data, and
different populations are also warranted to further examine
the benefit of high diet quality and plant-based diet con-
sumption in reducing inflammation and mortality.
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