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Abstract

Purpose Diet quality is a critical modifiable factor related to health, including the risk of cardiometabolic complications.
Rather than assessing the intake of individual food items, it is more meaningful to examine overall dietary patterns. This study
investigated the adherence to common dietary indices and their association with serum/metabolic parameters of disease risk.
Methods Dietary intakes of the general adult population (n= 1404, 25-79 years) were assessed by a validated food-frequency
questionnaire (174 items). The French ANSES-Ciqual food composition database was used to compute nutrient intakes. Seven
indicators were calculated to investigate participants’ diet quality: the Alternative Healthy Eating Index (AHEI), Dietary
Approaches to Stop Hypertension Score (DASH-S), Mediterranean Diet Score (MDS), Diet Quality Index-International
(DQI-I), Dietary Inflammatory Index (DII), Dietary Antioxidant Index (DAI), and Naturally Nutrient-Rich Score (NNRS).
Various serum/metabolic parameters were used in the validity and association analyses, including markers of inflammation,
blood glucose, and blood lipid status.

Results Following linear regression models adjusted for confounders, the DASH-S was significantly associated with most
metabolic parameters (14, e.g., inversely with blood pressure, triglycerides, urinary sodium, uric acid, and positively with
serum vitamin D), followed by the DQI-I (13, e.g., total cholesterol, apo-A/B, uric acid, and blood pressure) and the AHEI
(11, e.g., apo-A, uric acid, serum vitamin D, diastolic blood pressure and vascular age).

Conclusion Food-group-based indices, including DASH-S, DQI-I, and AHEI, were good predictors for serum/metabolic
parameters, while nutrient-based indices, such as the DAI or NNRS, were less related to biological markers and, thus, less
suitable to reflect diet quality in a general population.

Keywords Non-communicable diseases - Dietary patterns - Type 2 diabetes - Chronic disease risk - Oxidative stress -
Inflammation - Systemic Immune-Inflammation Index (SII) - Diet quality scores

Introduction

The quality of the diet, along with other lifestyle factors,
such as physical activity and smoking, which are regarded
as being among the most critical modifiable factors related
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to the incidence of several non-communicable diseases
(NCDs) and health issues, including cardiovascular disease
(CVD) [1], type 2 diabetes (T2D), obesity/overweight [2,
3], some types of cancer [4] and nonalcoholic fatty liver
disease (NAFLD) [5]. Many of these NCDs are surging,
e.g., the age-standardized prevalence of T2D in adults has
almost doubled, from 4.7% in 1980 to 8.5% in 2014, though
heterogeneity in the global distribution is considerable [6].

Despite that much emphasis has been placed on indi-
vidual dietary constituents, such as limiting sugar and salt,
as well as saturated fat intake or increasing dietary fiber
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consumption, it has been highlighted that the overall dietary
patterns constitute a better marker for the healthiness of a
diet [7]. It is possibly better suited to be related to the risk
of certain chronic diseases than individual food items alone
[8]. Indeed, studies have shown that diet quality can be con-
sidered as an independent factor for predicting the risk of
various diseases [2-5].

However, it is paramount to define the best scheme or
method to evaluate the overall quality of the diet in differ-
ent populations. For this purpose, several indices have been
developed that capture various aspects of the diet. Though
these dietary indices partly focus on different aspects of the
diet, almost all of them strive to provide a comprehensive
and complete perspective of dietary quality regarding a spe-
cific target, such as the intake of antioxidants. In contrast
to nutritional surveys investigating only macro-micronu-
trient intake, the indices aim to examine various aspects
of a person's diet, such as variety, balance, adequacy, and
health-related aspects [9], considering the intake of cer-
tain nutrients (nutrient-based indices) and/or food items
(food-group-based indices). For example, the Healthy
Eating Index (HEI), a food-group-based index, has been
designed to examine the overall adherence of individuals to
the 2015-2020 Dietary Guidelines for Americans [10]. A
recent study showed that the HEI-2015 and its constituents
was associated with inflammatory biomarkers, e.g., lower
circulating c-reactive protein (CRP) and interleukin-6 (IL-6)
concentrations, as well as white blood cell (WBC) counts
[11]. Likewise, an exploratory analysis concluded that there
existed a significant association between the HEI and total
serum antioxidant capacity and inflammatory markers,
including tumour necrosis factor a (TFN-a) and I1-6 [12].
As another example, the Diet Quality Index-International
(DQI-I), a nutrient and food-group-based index, is one of the
indices designed to assess the overall quality of an individ-
ual's diet [13]. The DQI-I includes four scoring subgroups
that examine complementary aspects of diet, i.e., variety,
moderation, adequacy, and overall diet balance (Supplemen-
tary Tables 1 and 4) [13, 14]. Studies have shown that the
DQI-I correlated with several biomarkers associated with
cardiometabolic risk factors, including inversely with total
serum cholesterol, body mass index (BMI), and positively
with high-density lipoprotein cholesterol (HDL-c), among
others [14-16].

Some indices focus on more specific aspects of diet-
related disease risk. For example, the Dietary Inflammatory
Index (DII) focuses mainly on the pro- vs. anti-inflamma-
tory properties of the diet, as many NCDs have been related
to chronic inflammation, such as CVD [1], diabetes [17],
cancer [18], NAFLD [19], and obesity [20]. The positive
association of the DII with inflammation-related biomarkers
such as TNF-a, IL-6, and CRP and more indirect biomark-
ers such as the serum levels of insulin and the erythrocyte

@ Springer

sedimentation rate (ESR) has been shown in several studies
[1, 17-19]. The Dietary Antioxidant Index (DAI) is another
example where the main focus rests on the antioxidant prop-
erties of the diet [21], as increased oxidative stress levels
also characterize many NCDs.

Nonetheless, each of these indices has inherent strengths
and limitations, and some inevitably overlap, despite show-
ing complementarity. For instance, strong correlations have
been found between the DQI-I and Dietary Approaches
to Stop Hypertension Score (DASH-S) [22]. Moreover, a
systematic review and meta-analysis of cohort studies con-
cluded that dietary indices such as DASH-S were associated
with health status, including all-cause mortality, CVD and
cancer incidence or mortality, T2D, and neurodegenerative
disease and related (bio)markers, including inflammatory
indicators and body composition, among others [23]. How-
ever, due to the large number of published dietary indices
and, in part, their large diversity, choosing an index that can
thoroughly analyze dietary quality and correlate with the
targeted health outcome, such as specific biological end-
points, is challenging. Systematic and narrative reviews have
attempted to identify/introduce the most suitable and effec-
tive index to capture total dietary patterns; however, this is
impossible due to the complexity of the diet and its many
food components and eating habits/patterns. According to
conclusions stated in several reviews, rather than pursuing
a “one size fits all”, the best strategy may be to choose the
most appropriate index or indices depending on the research
question, taking into account the strengths and limitations of
that index/those indices.

In the present study, we selected a range of frequently
used indices (nutrient-based, food-group-based, as well
as food-group and nutrient-based indices) to examine the
association between the quality of the diet and selected bio-
markers of disease risk in a general adult population resid-
ing in Luxembourg, taking part in the second wave of the
ORISCAV-LUX study. The indices were calculated based
on valid food-frequency questionnaires (FFQs) and were
associated with selected serum and metabolic parameters.

Materials and methods
Study population and design

The full study protocol and method description have been
published previously [24, 25]. Briefly, the findings are
based on the second wave of the Observation of Cardio-
vascular Risk Factors in Luxembourg (ORISCAV-LUX 2;
2016-2017), the second nationwide study on CVD preva-
lence and related risk factors in the Luxembourgish adult
population. This is a follow-up to the ORISCAV-LUX
1 study, which was implemented on adults residing in
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Luxembourg aged 18-69 years in 2007-2008 [25]. Luxem-
bourgish residents aged 25-81 years, with a total of 1558
persons, were enrolled in the second wave, ORISCAV-
LUX 2. As the research protocol stipulated that people until
79 years of age can participate, one participant (81 years old)
was excluded from the analyses. In addition, participants
without anthropometric and energy intake data (n="7), FFQ
(n=120), and extreme values (top 1 and bottom percentile)
in dietary energy intakes (n=26) were excluded from the
final analyses. Therefore, 1404 individuals were retained,
i.e., they delivered a complete dataset including the nutri-
tional aspects.

General data collection

Data from questionnaires related to lifestyle, sociodemo-
graphic aspects, and self-reported health conditions were
included. Clinical measurements and anthropometrics were
also assessed, as well as scheduled appointments at a pri-
vate accredited laboratory (Ketterthill, Esch-sur-Alzette,
Luxembourg) for blood and urine sample collections and
analyses. All participants were informed about the objec-
tives of the study orally and in written and consented to
participate in the survey (written consent was obtained from
all participants). The study was approved by the National
Research Ethics Committee (CNER, No. 201-505/12) and
the National Commission for Data Protection (CNPD).

Data on age, gender, education, job, income, and mari-
tal status were collected using a general information ques-
tionnaire. A trained nurse carried out the anthropometric
measures, including weight, height, and waist circumference
(WC). The body weight (kg), height (cm), and WC (cm)
were measured in a light dress without shoes using a digital
scale. The participants’ BMI was assessed as weight (kg)
divided by the square of height in meters (kg/m?).

Assessment of dietary intakes and indices scoring
algorithms

The individuals completed a validated quantitative food-
frequency questionnaires (FFQ) [26] under the supervision
of a nurse. The frequency and quantity of 174 food and bev-
erage items were documented to assess dietary intakes. A
frequency ranging from ‘never/rarely’, ‘one—three times/
month’, ‘one—two times/week’, ‘three—five times/week’
‘once a day’, to ‘twice or more a day’, and portion size
images were used to estimate macro-and micronutrient
intakes. The daily food and nutrient intakes were calculated
by multiplying the frequency of consumption by the portion
sizes of all food items and considering the content of macro-
or micronutrients as listed in the French ANSES-Ciqual food
composition database (indexing the nutritional composition
of > 3100 food items) [27]. The results were employed to

determine the selected dietary indices (Table 1). The full
description of the calculation of the indices and their scoring
algorithm is provided in the supplementary file (Supplemen-
tary Tables 1-5); however, we briefly describe them here:

Alternate Healthy Eating Index (AHEI)

The AHEI was developed as an alternative to the Healthy
Eating Index (HEI). It is based on foods that may prevent
chronic disease risk and comprises 13 components that
entail different food groups and recommendations [28].
The AHEI-2010 constitutes an updated version and shows
more advantages than the HEI for predicting major chronic
disease and CVD risks [10, 29]. All individual component
scores were summed up for a total AHEI score ranging from
0 (worst) to 75 (best) (Supplementary Table 2).

Mediterranean Diet Score (MDS)

Another frequently applied index is the Mediterranean Diet
Score (MDS), which measures adherence to the Mediter-
ranean diet (MD) [30, 31]. The MD is one of the most well-
known diets related to reducing the risk of CVD and other
related diseases. Using the population-specific medians
among the participants as cut-off values, points of 0 or 1
were assigned to each of the 9 indicated items. This MDS
can, thus, take a score from O points (minimal adherence) to
9 (maximal adherence).

Dietary Approaches to Stop Hypertension Score (DASH-S)

DASH-S [32] measures how people adhere to a diet that
is related to a lower risk of hypertension (DASH), though
associated outcomes such as CVD and diabetes have also
been examined [33]. This index's main feature is consid-
ering individuals' sodium intake, which generally remains
above recommendations in Western cultures. We classified
participants into quintiles for each component according to
their intake ranking. We then summed up the component
scores to attain an overall DASH-S ranging from 8 to 40
(Supplementary Table 3).

Diet Quality Index-International (DQI-I)

Based on dietary guidelines, the DQI-I is designed and devel-
oped based on international recommendations by the FAO/
WHO [13, 14]. This index comprehensively integrates differ-
ent aspects of the diet and examines public health nutrition
in various communities [13, 14]. The four major categories
(Supplementary Table 4) are variety, adequacy, moderation,
and overall balance of the diet—with total scores ranging from
0 (poorest diet) to 100 (highest possible score, excellent diet).

@ Springer
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Dietary Inflammatory Index (DII°)

The DII aims to study diet-induced inflammation [34] and
includes 45 food items (anti-inflammatory ones such as
dietary fiber and pro-inflammatory ones such as red meat).
The DII has been validated in several human studies by
CRP, TNF-a, IL-6, and other inflammatory biomarkers,
and thus can predict, to some extent, the serum levels of
these biomarkers in relation to diet and has been correlated
with a large number of NCDs [18, 34]. The computation
of the DII is based on dietary intake data linked to the
regionally representative world database that provides an
accurate and robust assessment of each parameter's mean
and standard deviation [34]. These then become the mul-
tipliers to represent an individual's exposure relative to
the 'standard global mean' as a Z-score. This is attained by
subtracting the 'standard mean' from the reported amount
and dividing this value by its standard deviation (means
and standard deviations for all 45 parameters are shown
in Supplementary Table 5). From those 45 parameters, in
our study, there were 32 available items to calculate the
DII. According to validation reports, using even only 21
out of 45 items can correctly predict serum inflammatory
biomarkers [35].

References
[40]

Scoring range

%

NNRS is the average of DVs for

nutrient-to-calorie ratio. The
14 key nutrients

Cut-off values/scoring
The NNRS was based on a

Dietary Antioxidant Index (DAI)

vitamin B-12; folate; vitamin D;
vitamin E; MUFA; potassium;

vitamin C; thiamine; riboflavin;
zinc

The DALI focuses on antioxidant diets. Since the Western diet
(a high-fat, refined-carbohydrate diet) has often been associ-
ated with a pro-oxidant/antioxidant imbalance [36], a diet
fostering antioxidant reactions that counteract the effects of
reactive oxygen species (ROS) can contribute to the preven-
tion or treatment of oxidative stress-related diseases [37, 38].
Of note, there is a close relationship between oxidative stress
and inflammation [39]. By standardizing the intake of six
major dietary antioxidants, including vitamins A, E, and C,
and magnesium, zinc, and selenium (the minerals participat-
ing in enzymatic antioxidant reactions), the DAI can predict
the antioxidant properties of the diet and thus, the risk of
various disease outcomes such as cancer [21], obesity [38]
and CVD [37]. The DAI has been validated using biological
measures, including total antioxidant capacity (TAC) and
malondialdehyde (MDA) in plasma/serum [21].

Protein; calcium; iron; vitamin A;

Index components

(DVs) for 14 nutrients per

Mean daily percentage values
2000 kcal food

Abbreviation Basis

NNRS

n=6 .. .
DAI = 2 Individual intake — Global mean /n

Global SD

i=1

n=the number of antioxidants included in the formula;
i=this formula is calculated separately for each antioxi-
dant and finally divided by n; Global means and SDs=are
extracted from the reference database.

PUFA polyunsaturated fatty acids, SFA saturated fatty acids, MUFA monounsaturated fatty acids, FA fatty acids

All references are the first study in which the index was used/fully described

Table 1 (continued)
Naturally Nutrient-Rich Score

Index

@ Springer
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Naturally Nutrient-Rich Score (NNRS)

The Naturally Nutrient-Rich Score (NNRS) is based on a
nutrient-to-calorie ratio [40]. This index is one of the few
indices that examines the quantity of micronutrients based
on guidelines, e.g., a report of a Joint FAO/WHO consulta-
tion, and its primary purpose is to ensure adequate intake
of micronutrients to improve the quality of diet. Fourteen
essential key nutrients and recommended daily values (DVs)
for each 2000 kcal energy intake based on the USA dietary
reference intakes (DRI) were used to calculate the NNRS
(Table 1 and Supplementary Table 1).

NNRS =)' %DV 2000 kcal/14

Assessment of physical activity

A short form of the International Physical Activity Question-
naire (IPAQ) was used to estimate physical activity [41].
This IPAQ is a self-reported validated 7-item measure of
physical activity over the past week. The amount of time
that each individual spent on an activity was multiplied by
the corresponding metabolic equivalent of task (METs)
while considering the frequency of engagement during the
past seven days. The continuous score of physical activity,
expressed as METs-min per week, was then obtained by
summing up the scores for the different activities (walking,
moderate-intensity, and vigorous-intensity activities).

Measurement of blood/urine parameters

After overnight fasting, venous blood samples were drawn,
and urine samples were collected as early morning mid-
stream urine specimens. All blood and urine samples were
stored in the Integrated BioBank of Luxembourg (IBBL),
and a commercial accredited company (Ketterthill) later per-
formed the analyses. From the blood samples, we obtained
fasting blood glucose (FBG), high sensitive C-reactive pro-
tein (hs-CRP), apo-A and B, triglycerides, total cholesterol,
low-density lipoprotein cholesterol (LDL-c), high-density
lipoprotein cholesterol (HDL-c), free triiodothyronine (FT3)
and free thyroxine (FT4) hormones, thyroid-stimulating hor-
mone (TSH), insulin, and glycated hemoglobin (HbA1C),
hematocrit, and hemoglobin, as well as serum levels of
sodium, uric acid, creatinine, magnesium, potassium, cal-
cium, magnesium, ferritin, and 25(OH) vitamin D. From
the spot urine samples, we measured microalbuminuria,
creatinine, and urinary sodium concentration. In addition,
using FBG and insulin levels, we estimated the Homeostatic
Model Assessment for Insulin Resistance (HOMA-IR).

@ Springer

Systemic Inmune-Inflammation Index (SlI)

The SII is a promising prognostic indicator for systemic
immune-inflammation-related conditions [42]. In fact, the
SII assesses three of the homeostatic system markers that
play a role in the inflammatory procedure: platelets, lym-
phocytes, and neutrophils. This index correlated with low-
grade inflammation, characterized by a mildly elevated CRP
[43]. Similar to increased serum levels of CRP, the evidence
indicates that platelet/lymphocytes/neutrophils parameters
are biomarkers that reflect a systemic inflammatory response
[43].

The SII was estimated as total platelet count (P) X neutro-
phil-to-lymphocyte ratio (N/L) [44].

SII = P X N/L ratio

Vascular and kidney function

A trained and experienced nurse measured systolic and
diastolic blood pressure (SBP and DBP) several times (a
standardized method was applied). The average (mean) of
the measurements was used as the final variable. In addition,
arterial age was determined as the average age for a given
carotid-femoral pulse wave velocity (PWV). PWYV, central
systolic and diastolic blood pressure, arterial age, and blood
pressure in a lying position were measured with Complior™.
The PWV was estimated by dividing the carotid-femoral
distance by the transit time of the forward-traveling pulse
between the carotid and femoral arteries.

In addition, glomerular filtration rate (GFR) as a vas-
cular function-related measurement was estimated by the
Modification of Diet in Renal Disease (MDRD) method.
The MDRD was evaluated using an equation based on six
variables: age, gender, ethnicity, serum creatinine, urea, and
albumin [45].

Statistical analysis

The normality of the data distribution and homogeneity of
variance was assessed using Q—Q normality plots and the
Kolmogorov—Smirnov test (KS test), and a box plot. For
the non-normally distributed data, a log-transformation was
performed. For a first explorative purpose, bivariate correla-
tion analyses with Spearman-rank correlation coefficients
were calculated.

To study the association between the dietary indices
and serum and all metabolic parameters, linear regression
modeling in SPSS was carried out. This included a set of
confounders that were chosen due to physiological plausibil-
ity and based on literature. For models, two-sided p-values
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above (.1 were selected as means for elimination. This step
resulted in acquiring a model (saturated model) from the
thorough batch of variables by automatically (step-down
procedure) dismissing those that did not contribute signifi-
cantly to the model. The respective dietary quality indices
were the explanatory, independent variable, while the meas-
ured metabolic parameters were the observed, dependent
outcome variable.

Results
General characteristics of the population

The distribution of participants' characteristics in the quar-
tiles of dietary indices is presented in Table 2. Table 2 shows
the level of adherence of the participants in the sociodemo-
graphic groups to different indicators. For example, older
people (> 65 years) were more adherent to the AHEI or
MDS (being in a higher index score quartile) than younger
people (<34.99 years). In addition, the distribution (median,
interquartile range) of participants' biomarkers and diet qual-
ity indices according to age and gender groups are presented
in Table 3.

Correlations

Spearman correlation (p (rho)) between the investigated
dietary quality indices and respective linear trendlines are
shown in Fig. 1. According to Spearman correlation analy-
ses, all dietary indices significantly correlated with one
another (Fig. 1).

In addition, the Spearman correlation between the inves-
tigated dietary indices and daily nutrient intakes is presented
in Table 4. The largest number of significant correlations
(p>0.50) between dietary indices and nutrient intakes (36
nutrients in total) was found for the NNRS (34 nutrients), fol-
lowed by the DAI (33 nutrients), DII (31 nutrients), AHEI
(13 nutrients), DQI-I (4 nutrients), DASH-S (2 nutrients),
and MDS (1 nutrient). Strongest correlations between die-
tary indices and nutrients were AHEI with total dietary fiber
(p=0.827); MDS with soluble dietary fiber (p =0.524);
DASH-S with total dietary fiber (p =0.540); DQI-I with
vitamin C (p=0.633); DII with folate (p=— 0.853); DAI
(p=0.900) and NNRS (p=0.923) with phosphorus (Table 4).
Also, the Spearman correlation between the investigated die-
tary indices and daily food group intakes (14 groups in total)
is shown in Table 5. The indices correlating (p > 0.50) sig-
nificantly with most food groups were DII (3 groups), DAI (3
groups), and NNRS (3 groups), followed by AHEI (2 groups)
and DASH-S (2 groups) (Table 5). The highest Spearman cor-
relations between dietary indices and food groups included

AHEI (p=0.705), MDS (p=0.554), and DII (p =-0.649) with
vegetables; DASH-S (p=0.515) and DQI-I (p=0.613) with
fruits; DAI (p=0.683) and NNRS (p=0.719) with protein-
rich foods (Table 5). In addition, significant correlations (p
value <0.001) were found between protein-rich foods, fast
foods, red meat group, fish group, lipids, sugary products
with NNRS; grains, and starchy vegetables with DAI; fruits
and vegetables with AHEI; dairy group, and sugar-sweetened
beverages with DASH-S; non-caloric beverages with DII: and
alcoholic beverages with DQI-I (Table 5).

Regression models

Associations between diet quality indices and serum
and metabolic biomarkers

Multivariable general linear regression models (adjusted
for age, gender, birth country, marital status, education,
job, income, IPAQ scoring, and current smoking) of the
associations between diet quality indices as continuous
variables revealed high significant associations between
dietary indices and metabolic biomarkers: between NNRS
(Beta=0.077,95% CI10.011, 0.144) and urinary sodium,
and DASH-S (Beta=—2.001, 95% CI — 3.572, — 0.430)
with triglycerides (Table 6). According to Table 6, the
largest number of significant associations between a Diet
Quality Index and a measured metabolic parameter was
found for DASH-S (with 14 parameters), followed by the
DQI-I (n=13), AHEI (n=11), MDS (n=38), DAI (n=35),
NNRS (n=06) and the lowest number for DII, with two
parameters. Similar results were obtained, with slightly
higher beta-coefficients, when we used quality indices
as a categorical variable (i.e., quartiles, Supplementary
Table 8).

When looking for combinations of 2 dietary indices
that explain the largest number of measured serum and
metabolic parameters, the combinations of DASH-S with
AHEI (together significantly associated with a total of 18
serum/metabolic parameters), as well as DASH-S with
DAI (17) and DASH-S with NNRS (17) were most prom-
ising, with both the DAI and the NNRS being nutrient-
based indices, compared to the DASH-S (Supplementary
Table 9).

In addition, unadjusted multivariable linear regression
models of the associations between diet quality indices
as continuous and categorical variables and metabolic
biomarkers are shown in Supplementary Tables 6 and
7, respectively. As expected, when using dietary indices
as quartiles, the results were similar to analyses based
on indices as continuous variables, except that the beta-
coefficients increased (Supplementary Tables 6 and 7).
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Table 3 Median (interquartile range) of participants' biomarkers and diet quality indices according to age and gender groups (n= 1404 partici-

pants)

Age groups Gender Total

<35 35-44.99 45-54.99 55-64.99 > 65 Men Women
AHEI 32 (18) 33 (16) 35(17) 36 (17) 35 (18) 35(17) 3517 35(17)
MDS 4(2) 4(2) 4(2) 503) 4(3) 4(2) 53) 4(3)
DASH-S 23 (6) 23 (6) 24 (6) 25 (6) 25 (6) 23 (6) 25 (6) 24 (6)
DQI-I 63.5 (12) 64 (11) 64 (11) 65.5 (11) 66 (12) 63 (11) 66 (10) 64 (11)
DIl -175@2.79) -2.04291) —-2.12(2.60) —2.112.74) —1.82(2.78) —2222.71) —1.88(2.98) —2.02(2.70)
DAI 2.47 (7.07) 3.15 (8.40) 3.43(7.73) 2.67 (8.30) 2.15(6.78)  4.16(8.52) 1.75(6.39)  2.86 (7.94)
NNRS 126.4 (61.5) 131.88(59.7) 130.5(62.4) 125.7(59.8) 124.9(54.7) 143.4(63.5) 120.8(50.4) 128.7(59.9)
BMI (kg/m?) 22.7(4.9) 25.0(5.2) 254 (6.4) 26.0 (6.1) 26.3 (5.2) 264 (5.2) 24.4 (6.0) 25.3(5.9)
WC (cm) 80 (13) 87 (15) 89 (16) 90 (18) 93 (18) 94 (17) 83 (15) 88 (17)
WHR 0.83 (0.11) 0.86 (0.13) 0.88 (0.13) 0.90 (0.13) 0.94 (0.13) 0.94 (0.11) 0.82 (0.11)  0.88(0.14)
hs-CRP (pg/L) 1.0 (0.97) 1.0 (1.3) 1.1 (1.4) 1.3 (1.5) 1.4 (1.6) 1.1 (1.1) 1.2 (1.6) 1.2(1.4)

N

334.6 (202.1) 390.0 (211.6) 383.8 (224.7) 364.9 (225.4) 360.2 (223.6) 360.9 (204.6) 374.6 (229.8) 370.2 (218.0)

Insulin (uIU/mL*) 6.6 (3.2) 6.5(4.1) 6.8 (4.5) 74 (5.9) 7.7(5.4) 7.7 (5.7) 6.3 (4.2) 7.0 (4.8)

HOMA-IR 1.35(0.81) 1.38 (0.95) 1.46 (1.13) 1.68 (1.49) 1.82 (1.6) 1.73 (1.47) 1.35(1.) 1.51 (1.22)

HbAlc (%) 3.3(0.5) 3.4 (0.5) 3.6 (0.5) 3.8 (0.6) 3.9 (0.5) 3.6 (0.5) 3.6 (0.6) 3.6 (0.6)

FBG (mg/dL) 85 (11.5) 87 (10) 89 (13) 91 (14) 93 (16.5) 92 (13) 87 (12) 89 (13)

Apo A (mg/L) 161 (40.5) 159 (35) 164 (37) 169 (41) 173.5 (37.5) 153 (30) 179 (38) 164.5 (39)

Apo B (mg/L) 82 (24.5) 91 (32) 96 (31) 98 (25) 96 (25.75) 98 (29) 90 (27) 94 (29)

TG (mg/dL) 75 (42.5) 86 (62.75) 85 (59) 94 (58.5) 93 (51) 102 (68) 79 (44.75) 88 (56)

Total cholesterol 186 (49) 196 (45.5) 207 (52) 210 (47) 205 (52.5) 201 (52) 203 (48) 202 (50)
(mg/dL)

LDL-c (mg/dL) 106 (38) 121 (46) 128 (48) 128 (44) 122 (46) 126 (45) 122 (46) 124 (45)

HDL-c (mg/dL) 57 (20) 54 (16) 57 (18) 57 (21) 58 (21.5) 50 (15) 63 (17) 57 (19)

Urinary microalbu- 6.5 (6.5) 7.6 (7.1) 6.5 (6.6) 6.1 (6.4) 8.4 (9.8) 7.2(7.1) 6.5 (6.7) 6.9 (6.9)
min (mg/L)

Urinary creatinine 165 (109) 171 (104) 146 (89) 119 (92) 116 (66) 166 (100) 118 (87) 141 (100)
(M)

Albumin/creatinine 54 4.7 5.1 (4.6) 6.0 (4.9) 6.3 (6.2) 8.8 (9.1) 4.8(5.3) 7.1(6.2) 6.1 (5.4)

Uric acid in serum 4.9 (1.9) 5.0(1.8) 5.0(1.7) 5.3 (1.6) 54 1.7 59(1.4) 451.2) 5.1(1.7)
(mg/dL)

25-OH Vitamin D 21.8 (13.0) 22.0(14.4) 23.9 (14.7) 26.7 (13.5) 27.7 (13.8) 22.0 (13.5) 26.8 (14.0) 24.6 (14.4)
(ng/mL)

Calcium in serum 9.3(0.4) 9.2 (0.4) 9.3(0.4) 9.3(0.4) 9.3(0.4) 9.3(0.4) 9.2 (0.4) 9.3(0.4)
(mg/dL)

Urinary sodium 95 (67.75) 104 (62) 96 (62) 90.5 (62) 98 (56.5) 106 (64.5) 90 (59) 97 (63)
(mg/dL)

Sodium in serum 140 (2) 140 (2) 141 (2) 141 (2) 141 (2) 141 (2) 141 (3) 141 (2)
(mg/dL)

Potassium serum 4.0 (0.3) 4.1 (0.4) 4.1(0.3) 4.1(0.4) 4.0(0.4) 4.1(0.3) 4.1(0.3) 4.1 (0.3)
(mg/dL)

Magnesium in 2.0(0.2) 2.0 (0.1) 2.0 (0.1) 2.0(0.1) 2.0 (0.1) 2.0 (0.1) 2.0(0.1) 2.0 (0.1)
serum (mg/dL)

Ferritin (ng/mL) 78.0(118.2) 823 (151.9) 99.5(125.7) 117.2(131.3) 139.7 (157.8) 165.6 (172.2) 67.2(82.8) 104.2 (139.1)

Hematocrit (%) 42.6 (6.1) 43.1(5.2) 429 (5.2) 42.7 (4.9) 43.3 (4.8) 45.6 (3.6) 40.8 (3.3) 43.0(5.2)

Hemoglobin (g/L) 14.2 (2.2) 143 (2.1) 14.1 (1.9) 14.2 (1.8) 14.3 (1.8) 15.2 (1.3) 13.4(1.1) 14.2 (1.9)

TSH (mIU/L) 1.7 (1.0) 1.8 (1.1) 1.8 (1.0) 1.6 (1.0) 1.7 (1.0) 1.7 (1.0) 1.7 (1.2) 1.7 (1.0)

Free T3 (pmol/L) 2.7 (0.5) 2.6 (0.4) 2.6 (0.4) 2.6 (0.4) 2.6 (0.4) 2.7 (0.4) 2.6 (0.4) 2.6 (0.4)

Free T4 (ng/dL) 0.98 (0.57) 0.97 (0.14) 0.97 (0.14) 0.97 (0.15) 1.0 (0.16) 0.97 (0.14) 0.97 (0.14) 0.97 (14)

SBP (mmHg) 115.5(16.5) 117.5(20.0) 124 (20.1) 127 (20.4) 1362 (23.6) 129.0(19.2) 117.5(22.0) 123.0(22.0)
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Table 3 (continued)

Age groups Gender Total

<35 35-44.99 45-54.99 55-64.99 > 65 Men Women
CSBP (mmHg) 108.5(17.7) 112.0(20.0) 116.8(20.0) 122.0(20.0) 127.0(23.0) 122.0(20.0) 112.0(21.2) 117.0(21.7)
DBP (mmHg) 72.7 (12.5) 76.0 (13.5) 80.0 (14.5) 80.5 (13.0) 80.2 (15.0) 81.0 (13.1) 76.0 (14.0)  78.0 (14.0)
CDBP (mmHg) 71.0 9.7) 75.0 (13.0) 79.0 (13.0) 80.0 (11.5) 80.0 (11.5) 80.0 (11.0) 75.0 (13.0)  78.0 (13.0)
GFR?* (ml/ 93.2 (16.9) 85.5 (14.1) 83.5(15.9) 80.3 (14.7) 75.5 (16.9) 86.5 (19.8) 81.5(13.9) 83.2 (16.9)

min/1.73m?)

PWYV (m/s) 6.7 (1.4) 7.1 (2.0) 7.5(1.7) 8.2(2.3) 9.5(3.4) 7.8 (2.3) 7.52.3) 7.6 (2.3)
Vascular age (years) 37 (18) 40 (22) 43 (18) 52 (19) 63 (23) 48 (22) 45 (23) 47 (22)

AHEI Alternative Healthy Eating Index, MDS Mediterranean Diet Score, DASH-S Dietary Approaches to Stop Hypertension Score, DQI-I Diet
Quality Index-International, DII Dietary Inflammatory Index, DAI Dietary Antioxidant Index, NNRS Naturally Nutrient-Rich Score, SII Sys-
temic Immune-Inflammation Index, BMI Body Mass Index, WC Waist Circumference, hs-CRP high-sensitivity C-reactive protein, HOMA-IR
Homeostatic Model Assessment for Insulin Resistance, FBG Fasting blood glucose, TG Triglycerides, LDL-c Low-density lipoprotein choles-
terol, HDL-c High-density lipoprotein cholesterol, 7SH Thyroid-stimulating hormone, GFR Glomerular filtration rate, CSBP Central systolic
blood pressure, CDBP Central diastolic blood pressure, PWV Carotid-femoral pulse wave velocity

#Estimated by Modification of Diet in Renal Disease (MDRD) method
*pIU/mL =6.00 pmol/L

P=0823) o Highest correlations (all p-values <0.001):
oW
= AHEI with DIl
- MDS with AHEI

DASH-S with DQI-1
=y DQI-1 with DASH-S

p=0.625 Lo DIl with DAI
@ - = DAI with NNRS
é NNRS with DAI
£

o= 0.649 jo=0.552 ©=0.738
=
[ == |

o=-0.785

=

o=0.629 p=0.251 p=0.188 p=0.256 p=-0.852
= s
o

©=0.562 ©p=0.197 0=0.128 p=0.121 p=-0.817 | p=0.965
oW
o
-
= =

AHEI MDS DASH-S DaQl-1 Dl DAl

Fig.1 Spearman correlation (p) between the investigated dietary
quality indices and respective linear trendlines. AHEI Alternative
Healthy Eating Index, MDS Mediterranean Diet Score, DASH-S

Discussion

In this study, we investigated the association of frequently
employed diet quality indices, covering complementary
dietary aspects, including nutrient- and food-group-based

Dietary Approaches to Stop Hypertension Score, DQI-I Diet Qual-
ity Index-International, DII Dietary Inflammatory Index, DAI Dietary
Antioxidant Index, NNRS Naturally Nutrient-Rich Score

ones, appertaining to their association with a number of
parameters, including biomarkers related to disease risk
and/or nutrient status in a rather general adult popula-
tion. As there are major differences between diet quality
indices that are food-group-based (which do not require
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Table 4 (continued)

MDS DASH-S DQI-I DII DAI NNRS

AHEI

Nutrients

p value

P

p value

p

p value

p

p value

p

p value

p

p value

P

p value

34

33

31

13

N of correlations over 0.50

Correlations higher than 0.50 are shown in Bold

Highest correlations (in each column) between dietary indices and nutrients are shown in italics. Highest correlations (in each row) between nutrients and dietary indices are given underlined

AHEI Alternative Healthy Eating Index, MDSMediterranean Diet Score, DASH-S Dietary Approaches to Stop Hypertension Score, DQI-IDiet Quality Index-International, DIIDietary Inflam-

matory Index, DAIDietary Antioxidant Index, NNRS Naturally Nutrient-Rich Score, p Spearman's rho

&Strongest correlation (per column) of HEI with total dietary fiber; MDS with soluble dietary fiber; DASH-S with total dietary fiber; DQI-I with vitamin C; DII with folate; DAI and NNRS

with phosphorus

*Total fat, cholesterol, SFA, MUFA, PUFA, total protein, animal-based protein, added sugar, vitamin A, D, E, B1, B2, B3, B5, B6, B12, iron, selenium, iodine, phosphorus, and sodium with

NNRS

#Total dietary fiber, soluble dietary fiber, total phenolics, and vitamin C with AHEI

bBeta-carotene, vitamin K, and folate with DII

“Vegetable protein, total carbohydrates, simple sugars, magnesium, zinc, calcium, and potassium with DAI

linking them with food composition databases, introducing
another source of variability) and indices that are based on
nutrients, we tried to choose indices of both types. Some
indices included both aspects (and even three aspects when
considering non-nutrients). Our final regression models
highlighted that these diet quality indices were associated
with different serum and metabolic parameters, such as
anthropometry, inflammation, blood glucose, blood lipids,
kidney-related parameters, nutritional and hormonal sta-
tus, and vascular function, with the highest number of
significant associations found for the DASH-S, followed
by DQI-I, AHEI, MDS, DAI, NNRS and finally the DII.

Nutrition-related diseases are predominantly multifacto-
rial, influenced by the entire array of macro-, micro- and
non-nutrients ingested and their interactions [46]. For this
purpose, various indices, such as the DASH-S, AHEI, DQI-
I, and DAI have been developed and used in research and
public health, considering several aspects of the diet. Some
of these indices have been validated, such as by measur-
ing their association with serum biomarkers, and their con-
struction criteria and reliability have been examined, with
their clinical diagnostic power having been tested for certain
populations and certain disease endpoints [9, 47].

In our study, the DASH-S was associated with the larg-
est number of selected parameters (Table 6). A systematic
review and meta-analysis of randomized controlled trials
reported that adherence to DASH could reduce SBP and
DBP [33]. Phillips et al. [48] also examined the association
between DASH-S and a large number of cardiometabolic
relevant biomarkers, concluding that DASH-S was associ-
ated with improved adiposity measures such as BMI and
WC and a less insulin-resistant, less pro-thrombotic, less
pro-inflammatory, and less pro-atherogenic cardiometabolic
profile. In the present study, the significant association of the
DASH-S with blood pressure-related biomarkers and sodium
excretion shows the validity of this index, as the DASH diet
was designed for this purpose. Indeed, dietary sodium intake
remains almost 2 times above WHO recommendations of
5 g/d for most Westernized countries [49], being a major
cause of elevated blood pressure and cardiovascular-related
deaths. According to a recent report [50], over-consumption
of dietary sodium is related to 3 million annual deaths glob-
ally and 60 million DALYs. In the present study, median
sodium excretion was 97 mg/dL, which is likely to represent
a higher-than-needed salt intake.

In addition, in line with our results, a recent study that
examined the relationship between dietary quality, assessed
by DASH-S, and cardiometabolic health biomarkers, con-
cluded that a higher DASH-S was significantly associated
with lower BMI, WC, TNF-a, IL-6, white blood count
(WBC) and plasminogen activator inhibitor-1 (PAI-1) con-
centrations, and reduced insulin resistance [48]. In addi-
tion, fewer small LDL-c, HDL-c, and VLDL-c particles
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were observed among those with better DASH-S [48]. Par-
ticipants in the top DASH-S quartile had a 48% and 54%
lower likelihood of metabolic syndrome and central obe-
sity, respectively, than those in the lowest DASH-S quartile
[48]. The authors suggested that a high-quality diet assessed
with DASH-S was associated with less insulin resistance,
improved adiposity measures and favourable pro-inflamma-
tory and pro-atherogenic cardiometabolic profile, and less
pro-thrombotic properties and might affect metabolic syn-
drome and central obesity risk [48]. These findings could
have public health and clinical significance regarding dietary
approaches to promote cardiometabolic health and warrant
further investigations.

Similar to the DASH-S, the highly correlated DQI-I was
associated with also most anthropometric markers, urinary
sodium, and blood pressure as well as certain blood lipids.
The DQI-I score of 64% suggested a rather limited dietary
diversity. Similar as for the DQI, Vandevijvere et al. also
investigated various aspects of the diet, such as within-food
group and overall diversity, and some dimensions of diet
quality similar to the DQI-I, such as moderation, adequacy,
and balance, derived from the food-based dietary guide-
lines (FBDG@G) in Belgium [51], concluding that overall diet
diversity derived from the FBDG is a practical benchmark
of dietary quality. Another advantage of the DQI-I may be
its compromise of being both a food group and nutrient-
based index, and such a combination may constitute a more
sophisticated manner to assess the overall quality of the diet
[52, 53].

Similar findings as for the DQI-I were encountered for the
AHEI, which also correlated highly with the DQI-I, though
its association with blood pressure markers and sodium
intake was less pronounced. Other studies, such as the one
by Kim et al., also showed a significant correlation between
(among others) DQI-I and AHEI and glycemic status
(including HbAlc, FBG, and postprandial 2-h glucose) in
Korean patients with T2D [54], which was not found in the
present study. It is possible that the different populations or
the dietary assessment method influenced the results. Their
study estimated dietary intake based on a single 24-h recall
method. While such a method may reflect a more current
diet than FFQ, the guidelines recommend several (repeated)
24 recalls [55].

However, AHEI was significantly associated with
cardiometabolic risk factors, including anthropometric
measurements (BMI, WC, and WHR), apo-A, and ves-
sel-related functions (DBP, CDBP, and vascular age).
Lavigne-Robichaud et al. [S6] compared AHEI with Food
Quality Score (FQS) and index, examining the contribu-
tion of ultra-processed products (UPP) to total daily die-
tary energy intake. While all three indices were related
to cardiometabolic risk, only the UPP was significantly
associated with metabolic syndrome risk [56]. Such rather

novel indices could be of interest, as indeed processing
techniques and especially ultra-processed food items have
been associated with high a intake of sodium, saturated
fats, and simple sugars, all of which have been associated
with cardiometabolic risk factors [57]. AHEI would also
capture similar aspects, as it includes the consumption of
fruits and the quality of the consumed fats, though less
specifically focusing on sodium and simple sugar intake.
In the present study, median AHEI results of 37 (ideal
score 75) suggested rather a deviation from the recom-
mended dietary guidelines.

The NNRS, focusing on essential nutrient requirements,
showed, as with other nutrient-focused indices, a relatively
low association with the observed serum and metabolic
parameters. Besides anthropometric markers, fasting blood
glucose and sodium (in urine and serum) were significantly
associated, which is interesting as neither sodium nor sugars
are incorporated into the index. It is possible that factors
such as potassium intake played a role (as a high potassium
status could reduce sodium re-uptake by the kidneys [58]
or that the consumption of proteins was related to lower
simple sugar intake [59]. In a study by Kramer et al. on
the European elderly, linear regression models analyzed the
association between an adapted NNRS and the micronutrient
status of folate, vitamin D, vitamin B12, homocysteine, and
CRP [60]; a one-unit increase in the adapted NNRS score
was associated with a 1.6%/2.2% increase in serum folate
for Polish/Dutch participants. The authors also reported
a significant inverse association between their NNRS and
circulating homocysteine levels, a marker often associated
with CVD, in both populations [60]. However, they failed to
find a significant association between their NNRS and CRP
and serum vitamin D levels [60]. These results are in line
with ours, as we also could not find a significant association
between NNRS and hs-CRP and serum vitamin D, despite
vitamin D intake being part of the NNRS. Results of the
NNRS index (median 129%) proposed that the population
in Luxembourg did not have any significant deficits in the
captured nutrients.

The MDS is another prevalent food-group-based index,
which resulted in an intermediate number of significant asso-
ciations with serum and metabolic parameters. It has been
reported [22] that the MDS has a high aptness to predict
changes in risk biomarkers and is significantly associated
with lower levels of blood pressure, apo-B, renal function
indicators (creatinine), and liver enzymes (serum glutamate-
pyruvate transaminase and y-glutamyl-transpeptidase) [22].
These results were similar to our study, revealing significant
associations between MDS and BMI, waist circumference,
apo-A, urinary creatinine, TSH, and several blood pressure
measures. Our study's findings confirm earlier ones [22]
and highlight the possibility that a Mediterranean diet can
reduce some nutrition-related disease risks. Compared to

@ Springer
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these earlier reported values [22], also derived from Lux-
embourg, our present values (median 4) indicate a deviation
from the recommendations (ideal score 9), in line with a
more Western-type diet, as also emphasized recently [25].

The DAI is a rather recently developed index focusing
on a few antioxidants, including vitamins and minerals, as
part of antioxidant enzymes. Dietary compounds that could
influence antioxidant status via, e.g., transcription factors,
e.g., carotenoids or polyphenols, acting on Nrf2 or NF-kB,
are not included, even though these factors may play a more
significant role in oxidative stress status than direct quench-
ing effects [61]. We reported previously [62], in the Iranian
population, a significant association between the DAI and
some inflammatory and stress oxidative biomarkers, such as
II-6, MDA, serum insulin, and HOMA-IR [62]. Similarly,
in the present study, we also found a significant association
between the DAI and some biomarkers, such as hs-CRP,
HbA1c, and FBG. However, one of the limitations of the
present study is that we did not measure oxidative stress-
related biomarkers.

An index that has recently attracted much attention is the
DII, due to its relation to a large number of chronic diseases,
from cardiometabolic ones [1, 17] to cancer [18], NAFLD
[19], and obesity [20]. However, in the present study, this
index produced the lowest number of significant associa-
tions — only 25-hydroxyvitamin D and urinary creatinine.
Several studies have addressed the validation of the DII (a
(non-)nutrient-based index) by correlating it with inflam-
matory markers such as hs-CRP, TNF-a, and IL-6 [18,
63]. However, the only inflammatory marker measured in
our study was hs-CRP, and we could not find a significant
association between it and the DII. We also examined the
association of DII with the SII (previously associated with
chronic inflammation [43]), but we failed to find a significant
association. However, and interestingly, when we applied an
energy-adjusted DII (E-DII, data not shown), a robust and
significant association between it and SII was seen in crude
and adjusted models (Supplementary Table 6); although
the association between E-DII and the hs-CRP still was not
significant. It is possible that further adjustment for energy,
which is often not included in the indices, would improve
the strengths of associations, as, e.g., higher intakes of
unhealthy items may merely signal higher energy needs and
larger intake, and not necessarily an unhealthier diet.

Correlating indices with each other, we observed that
the highest correlations (strong and significant) were
between the DAI and NNRS and between the DII and
DAL Given that all of these rather nutrient-based indices,
with some overlaps in their considered nutrients, this may
not be too surprising. DII and DAI comprise a number
of antioxidants, and the NNRS likewise includes several
of the same nutrients, emphasizing some redundancy

@ Springer

between these. On the other hand, low correlations were
obtained for other indices, perhaps pointing to a rather
complementarity of these indices, such as between the
NNRS (a nutrient-based score) and the DASH-S, MDS,
and DQI-I, being rather food-group-based indices. NNRS,
for instance, was the single indicator being significantly
associated with serum sodium and fasting blood glucose;
thus, measuring more than 1 established index may yield
further insights into dietary patterns. When investigating
meaningful combinations of 2 indices (Supplementary
Table 9), the DASH-S diet with either the NNRS or the
DAI (both nutrient based or with the AHEI produced the
most significant associations with the analyzed parameters
(17), highlighting the usefulness of to study combinations
of certain, possibly somewhat complementary, indices.
Finally, a critical evaluation of current scoring systems/
algorithms for using a priori diet quality scores for CVD
risk summarized strengths and limitations of these dietary
indices/scores and described index components, calcula-
tion methods, and the application of these indices to dif-
ferent population groups [64]. Similar as to our conclu-
sions, the authors emphasized that future applications and
interpretations of dietary indices/scores in nutritional epi-
demiologic studies assessing diet quality should consider
food items as well as nutrients when interpreting a score.
For instance, scores/indices relying solely on food groups
may overlook the importance of the intercorrelation of
nutrients with outcomes [64]. It was further suggested that
future investigations should consider cross-cultural and
other differences between population groups, address the
limitations, and identify translational challenges inherent
to attempt creating a relevant Diet Quality Index for appli-
cation in disease prevention at a population level [64].
Our study has several strengths and weaknesses. Exam-
ining seven indicators (nutrient, food, and nutrient-food-
based indices) for assessing diet quality and associating
them with various serum and metabolic biomarkers, and
considering typical confounders, was one of the strengths
of our study. The measured dietary intake was further
derived from an extensive and validated FFQ applied by a
trained nurse. This comprehensive contemplation of diet
quality using different indicators allowed us to examine
multiple aspects of the diet and to emphasize the useful-
ness of the indices with regard to the observed parameters.
However, a limited number of markers for stress oxidative
and inflammation were one of the limitations of our study,
and though alternatives were investigated, such as the SII
as a marker of inflammation, the original DII was not vali-
dated against this marker. Another limitation of our study
was that it was a cross-sectional survey, so we could not
assess the reliability of the indices. Cohort studies with
prospective designs would be more suitable to determine
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the causal relationship between indices and biomarkers
and examine their reliability.

Conclusion

In this study, we examined the association between seven
dietary quality indices and serum and metabolic biomark-
ers in a general adult population. In line with the literature,
e.g., in a meta-analysis [65], as opposed to food-based indi-
cators, nutrient-based indices such as the DII and the DAI
were less potent than food-group-based indicators such
as the DASH-S, DQI-I, or AHEI to predict more general
serum indicators and metabolic biomarkers in general popu-
lations. Though nutrient-based indicators such as the DII
and the DAI have their importance when focusing on more
specific populations, due to their higher disease-specificity,
for a more general population to reflect less specific car-
diometabolic markers and markers of nutrient status such
as the ones employed, a rather food-group-based indicator
may be considered a more suitable approach. Nevertheless,
a combination of complementary indices, such as a general,
rather food-group-based one and a more specific, nutrient-
based one, is expected to yield more insightful information
into a dietary pattern than only a single index would allow.
Hence, depending on the targeted health/research question,
a combination of carefully selected and complementary indi-
ces is advised.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00394-023-03095-y.
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