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Background & aims: The quality of dietary carbohydrates rather than total carbohydrate intake may
determine the accumulation of visceral fat; however, to date, few studies have examined the impact of
diet on adiposity using specific imaging techniques. Thus, the aim of this prospective study was to
investigate the association between concurrent changes in carbohydrate quality index (CQI) and
objectively-quantified adiposity distribution over a year.
Methods: We analyzed a cohort of 1476 participants aged 55e75 years with overweight/obesity and
metabolic syndrome (MetS) from the PREDIMED-Plus randomized controlled trial. Dietary intake in-
formation was obtained at baseline, 6- and 12-months from a validated 143-item semi-quantitative food-
frequency questionnaire, and CQI (range: 4 to 20) was calculated based on four dietary criteria: total
dietary fibre, glycemic index, wholegrain/total grain carbohydrate ratio, and solid/total carbohydrate
ratio. Overall and regional adiposity (total body fat, visceral fat and android-to-gynoid fat ratio) was
quantified using dual-energy X-ray absorptiometry at all three time points. Multiple adjusted linear
pases, Bldg I-1. Ctra. Valldemossa 79, 07120, Palma de Mallorca, Spain.
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mixed-effects models were used to assess associations between concurrent changes in repeatedly
measured CQI and adiposity over time.
Results: After controlling for potential confounding factors, a 3-point increment in CQI over 12-month
follow-up was associated with a decrease in visceral fat (b �0.067 z-score, 95% CI -0.088; �0.046,
p < 0.001), android-to-gynoid fat ratio (�0.038, �0.059; �0.017, p < 0.001), and total fat
(�0.064, �0.080; �0.047, p < 0.001). Fibre intake and the ratio of wholegrain/total grain showed the
strongest inverse associations with all adiposity indicators.
Conclusions: In this prospective cohort of older adults with overweight/obesity and MetS, we found that
improvements in dietary carbohydrate quality over a year were associated with concurrent favorable
changes in visceral and overall fat deposition. These associations were mostly driven by dietary fibre and
the wholegrain/total grain ratio.
Trial registration: The trial was registered at the International Standard Randomized.
Controlled trial: (ISRCTN: http://www.isrctn.com/ISRCTN89898870) with number 89898870 and regis-
tration date of 24 July 2014, retrospectively registered.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Obesity prevalence is increasing worldwide [1] and has been
widely associated with a range of serious metabolic and cardiovas-
cular diseases (CVD), amongothers [2]. At the same time, abdominal
obesity, measured by waist circumference, a proxy of visceral fat, is
increasing at an even greater rate than overall obesity alone [3]. In
this sense, it seems that excess visceral fat, which appears with
increasing age [4,5] but also with unhealthy dietary patterns [6,7]
and lifestyle behaviors [8], could be an important contributor to
chronic diseases, particularly type 2 diabetes (T2D), insulin resis-
tance [9], metabolic syndrome (MetS) [10], and CVD [11].

It is well known that diet plays a role in body fat accumulation
[12,13]; however, recent evidence indicates that, beyond quantity,
the quality of certain nutrients may have an independent effect
[3,14]. Intake of high quality dietary carbohydrates, characterized
by individual indicators, such as fibre-rich foods (wholegrains,
pulses and fruit) and a low glycemic index and glycemic load
[14,15], has been associated with a lower risk of overweight/obesity
[16,17] and cardiometabolic diseases [14,17], as well as reduced
visceral fat in adults [3,6,7]. Thus, it seems that combined effects of
carbohydrate quality domains could be a better determinant of
health than carbohydrate quantity alone, warranting for further
understanding of its role in body fat deposition.

The carbohydrate quality index (CQI) was proposed in 2015 by
the “Seguimiento University of Navarra” (SUN) cohort as a dietary
qualitymetric which integrates four different dimensions (glycemic
index, fibre intake, the degree of carbohydrate processing, and solid
or liquid form) [16]. However, so far, only a few studies have used
this multidimensional approach to evaluate the link between car-
bohydrate quality and health outcomes [3,17e21]. In a recent lon-
gitudinal analysis in the PREDIMED-Plus study evaluated as a
cohort, a higher CQI was associated with decreased body weight
andwaist circumference, as well as with an improvement in a range
of cardiovascular risk factors in overweight/obese adults with MetS
[18]. Moreover, similar results have been reported in other studies
[16,19], whereby an inverse association between dietary CQI and
both overall and abdominal obesity was reported. However, only a
few studies have been published in which the impact of dietary
factors on adiposity was directly measured using imaging tech-
niques [6,7,22].

Thus, in this study we aimed to carry out a prospective analysis
of a subset of participants in the PREDIMED-Plus trial to determine
the dynamic association between changes in overall dietary car-
bohydrate quality and changes in objectively-measured visceral
and overall adiposity distribution, using three repeated measure-
ments of diet and adiposity throughout a 1-year follow-up time.
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2. Methods

2.1. Study design

This prospective cohort study is based on data collected during
the first year of the PREDIMED-Plus (PREvenci�on con DIeta MEDi-
terr�anea Plus) randomized controlled trial (RCT). The trial's design
and methods have been previously described elsewhere [23e25]
and are available at http://predimedplus.com. Briefly, the
PREDIMED-Plus is a 6-year parallel-group, multicenter and CVD
primary prevention trial ongoing in Spain. The aim of the trial is to
assess the effects of an intensive weight-loss intervention (inter-
ventiongroup) based on an energy-reduced (er)MediterraneanDiet
(MedDiet), physical activity (PA) promotion, and behavioral support
on the prevention of CVD events, in comparison to usual care and
dietary counselling only with an energy-unrestricted MedDiet
(control group). The PREDIMED-Plus study protocol was approved
by the Research Ethic Committees from all the participating centers
and the trial was registered at the International Standard Ran-
domized Controlled Trial (ISRCTN) with the code 89898870.

2.2. Study population

For the PREDIMED-Plus trial, participants were recruited be-
tween September 2013 and December 2016 in 23 centers all over
Spain. A total of 6874 people met the eligibility criteria and were
randomlyallocated in a 1:1 ratio to either the intervention or control
group, using a computer-based systemwith stratification by center,
sex, and age. Couples sharing the same householdwere randomized
together, and the couple was used as a unit of randomization.
Eligible participants were older adults of both genders (men aged
55e75 years and women 60e75 years) without previous cardio-
vascular events,whowereoverweight orobese (BMI�27kg/m2and
<40 kg/m2) and met at least three characteristics of the MetS: hy-
pertension, hypertriglyceridemia, lower high-density lipoprotein
(HDL) cholesterol, hyperglycemia, or central obesity [26]. All par-
ticipants provided written informed consent.

The current analysis encompasses a subsample of participants
who underwent dual-energy X-ray absorptiometry (DXA) scans for
body composition assessment in 7 recruiting centers which had
access to a DXA scanner at baseline (n ¼ 1569). Within each center,
all participants, or a random sub-sample (depending on the center),
were invited for DXA scans. The size of the difference between
participants with DXA measurements and rest of the participants
enrolled in the PREDIMED-Plus trial (n¼ 5305) in terms of principal
socio-demographic, health-related and lifestyle factors was rela-
tively low (relative differences between included and non-included

http://www.isrctn.com/ISRCTN89898870
http://creativecommons.org/licenses/by-nc-nd/4.0/
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subjects <10%). However, participants who underwent DXA were
somehow more physically active (relative difference ¼ 11.9%),
although the size of the difference for themeasure of physicalfitness
(chair-stand test) was low between both groups (relative difference
<10%) (Supplementary Table 1).

For this analysis, the following exclusion criteria were consid-
ered: missing data on variables of interest at baseline (n ¼ 49) and
values of total energy intake outside the ranges previously pro-
posed by Willett [27] (<500 or >3500 kcal for women, <800 or
>4000 kcal for men) at baseline and follow-up (n ¼ 44). Finally, a
total of 1476 participants were included in the final analyses. A
flowchart detailing participants’ selection and the exclusion criteria
is shown in Supplementary Fig. 1.
2.3. Dietary assessment and carbohydrate quality index

Participants’ dietary intake was assessed at baseline and during
follow-up (at 6 and 12 months) during face-to-face interviews
conducted by trained dietitians-nutritionists using the Spanish
version of the validated 143-item semiquantitative Food-Frequency
Questionnaire (FFQ) [28,29]. The average intake of each item (foods
and beverages) was calculated by multiplying a common portion
size by frequency of consumption (9 possible responses ranging
from never to >6 times/day). Spanish food composition tables [30]
were used to derive nutrients (including total carbohydrates, pro-
tein, fat and fat subtypes), fibre, alcohol (all in g/d) and total energy
intake (kcal/day), as well as to determine consumption of specific
food groups. The glycemic index of the diet was also estimated as
the glycemic load of the diet multiplied by 100 and divided by the
grams of total carbohydrates consumed per day. For this, the gly-
cemic load of the diet was calculated by summing the glycemic
loads of individual FFQ items, which were calculated bymultiplying
the known amount of available carbohydrate contained in the
specified serving size of each item by the glycemic index values of
that item from the International Tables of Glycemic Index [31] (with
glucose as the reference food) and then divided by 100. The intake
of foods obtained from FFQ was also used to calculate consumption
of ultra-processed foods (UPF) according to NOVA classification
system [32]. In addition, adherence to the erMedDiet was assessed
using the validated 17-point score [33]. This questionnaire includes
a few items to better capture the potential caloric restriction that
should be applied to a MedDiet pattern as a means for weight loss.

Dietary intake information obtained from the FFQ was used to
calculate the CQI, as previously described in the SUN and the
PREDIMED-Plus cohorts [16,18,34]. This index is constructed based
on the following four dietary criteria: total dietary fibre intake (g/d),
glycemic index of the diet, wholegrain/total grain carbohydrate ra-
tio, and solid/total carbohydrate ratio. To estimate total grains
consumption, we summed up items containing wholegrains and
their derived products (bread, rice, pasta, muesli and cookies), and
refined grains and their derived products (white bread, breakfast
cereals, rice, pasta, pizza, cookies and pastries). Liquid carbohy-
drates included milk and milkshakes, gazpacho, sugar-sweetened
beverages and fruit juices, coffee and tea, and alcoholic drinks,
whereas solid carbohydrate intake included the rest of the carbo-
hydrates contained in solid foods. Ratio of solid carbohydrate/total
carbohydrate was calculated as solid carbohydrates/(solid
carbohydratesþ liquid carbohydrates), and the ratio of wholegrain/
total grain carbohydrate was calculated as wholegrains/
(wholegrains þ refined grains or their products). For each of these
four dietary criteria, participants were categorized into quintiles.
Each quintile received a value ranging from 1 to 5 (1 point for the
first quintile to 5 points for the fifth quintile, except for the glycemic
index, which was inversely weighted). Finally, all values were
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summed up to construct the CQI (ranging from 4 to 20), where
higher values represent better carbohydrate quality.

2.4. Adiposity assessment

The study outcomes were adiposity depots quantified directly
using DXA at baseline, 6 and 12 months. Participants underwent
whole-body scans to obtain data on overall and regional (android
and gynoid region) body composition (fat, lean and bone mass).
Third-generation DXA scanners from General Electric (DXA Lunar
Prodigy Primo and Lunar iDXA; GE Healtcare, Madison, WI) con-
nected with enCore™ software were used by trained operators.
DXA scans, including subject positioning and daily phantom cali-
bration, were performed following manufacturer guidelines. We
focused on visceral fat and android-to-gynoid ratio, as we previ-
ously found in the same sample of subjects that these indicators are
better in predicting cardiometabolic risk than anthropometry and
other DXA-derived parameters [35]. In order to determine visceral
fat mass within the android region, scans were re-analyzed using
the validated CoreScan software application (GE Healthcare) [36].
CoreScan uses algorithms that work through automated detection
of the width of the subcutaneous fat layer on the lateral part of the
abdomen and the anterioreposterior thickness of the abdomen, by
x-ray attenuation of the abdominal cavity in the android region.
The android-to-gynoid fat ratio was calculated by dividing the fat
mass (g) from the specific regions. Total body fat is expressed as a %
of the DXA-derived total body mass (sum of total bone, fat and
muscle mass (g)).

2.5. Covariables assessment

At baseline, participants filled out a general questionnaire to
provide information on socio-demographics, lifestyle and clinical
conditions. Three categories were constructed to determine
educational level (higher education or technician, secondary edu-
cation, primary education or less) and smoking habits (current,
never, ex-smoker), whereas history of overweight was categorized
into five groups (during childhood, adolescence, adulthood, after
childbirth, at menopause). Marital status was dichotomized into
married or all others (including single, separated, widow (er) and
divorced). Prevalence of T2D was used as a dichotomous variable
(yes or no). Current type 2 diabetes was defined as previous diag-
nosis of diabetes, glycated hemoglobin (HbA1c) � 6.5%, use of
antidiabetic medication, or having fasting glucose >126 mg/dL in
both the screening and baseline visit.

At baseline and at each follow-up visit, participants' height and
weight were measured in light clothes and without shoes in
duplicate (the average value was used for analysis) by trained staff
using a wall-mounted stadiometer and calibrated scales, respec-
tively. The BMI was calculated as weight (kg)/height (m) squared.
Waist circumference (cm) was determined midway between the
lowest rib and the iliac crest using a measuring tape. At each visit,
questionnaires previously validated in the Spanish populationwere
used to determine moving behaviors: the Minnesota-REGICOR
short physical activity questionnaire [37] was used to collect data
on leisure-time physical activity (PA) and the Nurses’ Health Study
questionnaire [38] determined sedentary behavior (SB). Total PA
(metabolic equivalent of tasks (METs) min/week) and time spend
on total SB (h/day) were computed as previously described [8].

2.6. Statistical analysis

Means and standard deviations (SD) for continuous variables,
and numbers and percentages (%) for categorical variables were
calculated for descriptive analysis of the participants’ socio-
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demographic, lifestyle and health-related characteristics. Differ-
ences in characteristics by sex-specific tertiles of dietary CQI were
evaluated applying one-way ANOVA or X2 test, as appropriate.

Linear mixed-effects models were used to assess associations
between CQI (independent variable) and each adiposity indicator
(dependent variables normalized into a sex-specific z-scores), both
measured every 6 months over the first year of follow-up. We fitted
a 3-level mixed linear model with random intercepts at recruiting
center, cluster family and participant level. The CQI was evaluated
as continuous (per 3-point increment, equivalent of SD at baseline)
and using sex-specific tertiles, with the first tertile (T1, lowest CQI)
as the reference category. Tests for linear trend across tertiles of CQI
were performed by modelling the median value of each tertile
category as continuous variable. Models were initially minimally
adjusted for age, sex, study arm (control or intervention) and
follow-up time (0, 6 or 12 months). Furthermore, models were
adjusted for baseline educational level, marital status, smoking,
T2D prevalence (all categorical), height, as well as repeatedly
measured PA, SB, total energy and alcohol intake (all continuous).
Covariates were selected using a causal directed acyclic graph
approach (Supplementary Fig. 2) implemented in the DAGitty free
web application [39]. Additionally, in order to ascertain the real
magnitude of changes, the main analyses were rerun with all
adiposity indicators expressed in absolute values.

To assess the robustness of our findings, several sensitivity an-
alyses were performed using a multivariable-adjusted model.
Models were additionally adjusted for repeatedly measured intake
of carbohydrates (g/day), in order to check whether our associa-
tions occurred beyond carbohydrates quantity. The potential in-
fluence of factors related to diet quality was addressed by an
additional and simultaneous adjustment for repeatedly measured
intake (g/day) of monounsaturated fatty acids (FA), poly-
unsaturated FA, saturated FA and trans FA, and protein; or adjust-
ment in separate models either for adherence to erMedDiet or UPF
consumption (all continuous variables). We also rerun the models
after excluding total energy intake. To potentially attenuate reverse
causality bias, we controlled for several health-related conditions
by further adjustment of our multivariable-adjusted model used in
main analysis for the number of MetS criteria diagnosed at inclu-
sion (continuous), as well as for history of overweight, which was
self-reported at baseline (categorical). Furthermore, models were
additionally adjusted for repeatedly measured total fat mass (ab-
solute value) and body weight, in order to assess the association of
CQI on regional fat distribution independently of overall fat. Finally,
we ran the model in which the missing follow-up data on repeat-
edly measured variables was imputed using the last observation
carried forward (LOCF) method, which consists on replacement of a
missing value by per subject previously observed value. Number of
missing data in outcome variables was ~33% at 6-month and ~21%
at 12-month visit, due to failure to attend the DXA.

Potential effect modification by baseline categories of age (<66
or �66 years), sex (men or women), study arm (control or inter-
vention), T2D prevalence (yes or no), overall obesity (obese when
BMI �30 kg/m2 or overweight when BMI <30 kg/m2), abdominal
obesity (yes if waist circumference �102 cm (men) and �88 cm
(women) or no), PA (<2098 or �2098 METs min/week), SB (very
sedentary �6 h/day or not very sedentary <6 h/day), and carbo-
hydrates intake (<232 or �232 g/day) was explored by modeling
multiplicative interaction term between these variables and CQI
(continuous). Median values were used for categories of age, PA, SB,
and carbohydrates intake. Analyses were performed separately
within each stratum when a significant interaction was detected.

Lastly, some additional analyses were performed. We tested
association for adiposity indicators using two CQI alternatives. For
this purpose, CQI was recalculated interchanging the ratio of solid/
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total carbohydrate by intake of sugar-sweetened beverages
(sweetened soft drinks and commercial fruit juices (g/day)) or the
ratio of wholegrain/total grain carbohydrate by intake of whole-
grains (g/day). Furthermore, we checked whether the associations
varied depending on baseline CQI values (low e below the median,
or high e at or above the median) and CQI change over a year
(<median change or �median change in CQI). For that, we con-
structed a 4-category CQI variable based on the levels of CQI at
baseline and CQI change at 1 year.

We also evaluated the associations between concurrent changes
in each CQI component (in quintiles) and all adiposity outcomes
(sex-specific z-scores). For these analyses, multivariable-adjusted
models were used, and tests for linear trend across quintiles of
each component were performed bymodelling themedian value of
each quintile category as continuous variable. These models were
additionally run after mutual adjustment for the individual com-
ponents of the CQI (as categorical variables in quintiles).

Statistical analyses were performed using Stata v15.0 program,
and statistical significances was set at p < 0.05. We used the
PREDIMED-Plus longitudinal database generated on the 22nd
December 2020.

3. Results

Characteristics of participants at baseline, 6 and 12 months’
follow-up can be found in Supplementary Table 2. The baseline
subsample encompassed 701 (47.5%) women and 775 (52.5%) men
with a mean age of 65.3 years (SD 5.0 years), and with highly
prevalent overall obesity (74.9%) and abdominal obesity (93.4%). On
average, the CQI value was of 11.8 (SD 3.4) at baseline. Over the
follow-up period, improvements in body composition and lifestyle
factors were observed compared to baseline data (both study arms
combined) (p < 0.05 for all). Slightly higher CQI (p ¼ 0.024) was
observed at both the 6 and 12 month follow-up. Statistically sig-
nificant differences were observed over time in all CQI components,
although the most relevant changes in magnitude were the in-
crease in consumption of carbohydrates proceeding from whole-
grains and a decrease in refined grains, as well as an increase in
dietary fibre intake. A slight change was observed for the ratio of
solid to total carbohydrates.

Baseline socio-demographic, lifestyle and health-related char-
acteristics of participants according to baseline sex-specific tertiles
of CQI are shown in Table 1. Participants with the highest CQI (T3,
mean CQI 15.9 (SD 1.4)) were less likely to be active smokers and
more highly educated, compared to those with the lowest CQI (T1,
mean CQI 8.3 (SD 1.6)). They also showed healthier lifestyle, in
terms of higher energy consumed from unsaturated FA, but lower
from trans FA, lower intake of alcohol, lower consumption of UPF,
and being more adherent to MedDiet and physically active. All in-
dicators of carbohydrate quality improved across the successive
tertiles of CQI; however, no significant differences in the intake of
total carbohydrates were observed across tertiles of CQI. In addi-
tion, participants in the highest tertile had lower visceral and total
fat mass and higher lean mass. Interestingly, in the analysis by sex
(Supplementary Table 3), only mass of visceral fat improved across
the successive tertiles of CQI in men and women, although without
reaching statistical significance.

The main associations between concurrent changes in CQI and
fat distribution are shown in Table 2. In a multivariable-adjusted
model, a 3-point increment in CQI (equivalent to SD at baseline)
was associatedwith a decrease in visceral fat (b�0.067 z-score, 95%
CI -0.088;-0.046, p < 0.001), android-to-gynoid fat ratio
(�0.038, �0.059;-0.017, p < 0.001), and total fat (�0.064, �0.080;-
0.047, p < 0.001) during 12-month follow-up. Furthermore, the
comparison of the highest versus the lowest tertiles of CQI (Table 2)



Table 1
Baseline characteristics of study participants according to baseline sex-specific tertiles of CQI.

Total Tertiles of CQI

T1 (low) T2 (medium) T3 (high) p-value

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

n 1476 550 501 425
Socio-demographic factors
Women, n (%) 701 (47.5) 291 (52.9) 187 (37.3) 223 (52.5) <0.001
Age (years) 65.3 (5.0) 65.5 (5.1) 64.8 (5.1) 65.7 (4.6) 0.019
Higher education, n (%) 319 (21.6) 107 (19.5) 108 (21.6) 104 (24.5) 0.029
Married, n (%) 1125 (76.2) 420 (76.4) 380 (75.9) 325 (76.5) 0.971
Current smokers, n (%) 187 (12.7) 92 (16.7) 56 (11.2) 39 (9.2) <0.001
Lifestyle factors
Total energy intake (kcal/day) 2384 (532) 2323 (516) 2432 (555) 2406 (518) 0.003
Carbohydrate intake (% of energy intake) 39.9 (6.4) 40.0 (6.9) 40.1 (6.3) 39.5 (5.7) 0.338
Protein intake (% of energy intake) 16.5 (2.7) 16.3 (2.6) 16.4 (2.7) 17.0 (2.7) <0.001
Fat intake (% of energy intake) 40.4 (6.0) 40.0 (6.3) 40.1 (6.1) 41.1 (5.6) 0.008
Polyunsaturated FA (% of energy intake) 6.8 (1.9) 6.5 (1.8) 6.8 (1.8) 7.2 (1.9) <0.001
Monounsaturated FA (% of energy intake) 21.1 (4.2) 20.9 (4.3) 20.9 (4.3) 21.7 (4.0) 0.002
Saturated FA (% of energy intake) 10.1 (2.0) 10.2 (2.1) 10.1 (2.0) 10.0 (1.8) 0.155
Trans FA (% of energy intake) 0.23 (0.13) 0.25 (0.14) 0.23 (0.12) 0.21 (0.12) <0.001
Alcohol intake (g/day) 11.5 (15.3) 12.9 (18.8) 12.4 (15.5) 8.7 (12.3) <0.001
Solid carbohydrates (g/day) 215 (65) 205 (63) 222 (71) 220 (59) <0.001
Liquid carbohydrates (g/day) 23.8 (16.7) 27.9 (17.4) 24.0 (17.4) 18.2 (12.9) <0.001
Ratio of solid carbohydrate/total carbohydrate 0.89 (0.06) 0.88 (0.07) 0.90 (0.06) 0.92 (0.05) <0.001
Refined carbohydrates (g/day) 85.5 (56.4) 108.0 (51.1) 92.1 (57.8) 48.6 (40.8) <0.001
Wholegrain carbohydrates (g/day) 24.8 (34.4) 2.9 (8.1) 20.7 (26.4) 57.9 (38.5) <0.001
Ratio of wholegrain/total grain 0.25 (0.30) 0.03 (0.10) 0.22 (0.26) 0.56 (0.26) <0.001
Fiber intake (g/day) 25.7 (8.2) 20.3 (5.4) 25.7 (6.6) 32.7 (7.7) <0.001
Glycemic index 54.2 (5.4) 56.4 (4.6) 54.2 (4.8) 51.5 (5.6) <0.001
CQI (index range 4e20) 11.8 (3.4) 8.3 (1.6) 12.0 (1.3) 15.9 (1.4) <0.001
Adherence to erMedDiet (17p score) 8.35 (2.6) 7.36 (2.3) 8.30 (2.5) 9.7 (2.6) <0.001
UPF consumption (% of total intake g/day) 8.45 (7.65) 9.26 (8.34) 8.53 (7.82) 7.31 (6.29) 0.0004
Physical activity (METs min/week) 2677 (2313) 2315 (1955) 2896 (2529) 2889 (2419) <0.001
Sedentary behavior (h/day) 5.9 (1.8) 5.9 (1.9) 6.0 (1.8) 5.7 (1.8) 0.052
Health-related factors
Weight (kg) 86.3 (12.7) 85.5 (12.7) 87.9 (13.1) 85.4 (12.2) 0.002
Height (cm) 162.7 (9.4) 161.9 (9.8) 164.4 (9.2) 161.9 (8.8) <0.001
BMI (kg/m2) 32.5 (3.3) 32.6 (3.3) 32.5 (3.3) 32.5 (3.3) 0.900
Overall obesity prevalence, n (%) 1105 (74.9) 419 (76.2) 368 (73.5) 318 (74.8) 0.595
History of overweight from childhood, n (%) 103 (7.0) 41 (7.5) 37 (7.4) 25 (5.9) 0.011
WC (cm) 107.3 (9.2) 107.1 (8.8) 108.0 (9.7) 106.7 (9.1) 0.069
Abdominal obesity prevalence, n (%) 1378 (93.4) 516 (93.8) 471 (94.0) 391 (92.0) 0.407
Visceral fat (g) 2307 (888) 2326 (903) 2390 (891) 2184 (854) 0.002
Android-to-gynoid fat ratio 0.79 (0.2) 0.78 (0.2) 0.81 (0.2) 0.78 (0.2) 0.019
Total fat mass (%) 40.4 (6.9) 41.2 (6.8) 39.3 (6.8) 40.8 (6.9) <0.001
Total lean mass (%) 56.5 (6.6) 55.8 (6.5) 57.6 (6.5) 56.1 (6.6) <0.001
Type 2 diabetes prevalence, n (%) 386 (26.2) 133 (24.2) 128 (25.6) 125 (29.4) 0.170
Number of MetS factors 3.63 (0.75) 3.66 (0.75) 3.60 (0.73) 3.62 (0.76) 0.429

Abbreviations: BMI e body mass index; CQI e carbohydrate quality index; erMedDiet e energy-restricted Mediterranean Diet; FA e fatty acids; MetS eMetabolic syndrome;
METs e metabolic equivalents of tasks; UPF e ultra-processed foods; WC e waist circumference.
Values shown are mean (SD) unless otherwise specified. Ratio of solid carbohydrate/total carbohydrate was calculated as solid carbohydrates/(solid carbohydrates þ liquid
carbohydrates); ratio of wholegrain/total grain carbohydrate was calculated as wholegrains/(wholegrains þ refined grains or their products). Overall obesity was defined as
body mass index �30.0 kg/m2, and abdominal obesity as waist circumference �88 cm in women or �102 cm in men. Total lean and total fat mass were expressed as per-
centages of DXA-derived total body mass (sum of total bone, fat and muscle mass (g)). Current type 2 diabetes was defined as previous diagnosis of diabetes, glycated he-
moglobin (HbA1c) � 6.5%, use of antidiabetic medication, or having fasting glucose >126 mg/dL in both the screening and baseline visit.
Sex-specific ranges for tertiles of CQI: men e T1: 4e9, T2: 10e13, and T3: 14e20; women e T1: 4e11, T2: 12e14, and T3: 15e20.
P-values for comparisons between baseline tertiles of CQI were calculated by one-way ANOVA test for continuous variables and c2 test for categorical variables.
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again revealed reductions in regional and overall adiposity during
the follow-up, with a significant doseeresponse relation (p for
trend <0.05 for all comparisons): visceral fat (b �0.155 z-score, 95%
CI -0.209; �0.100), android-to-gynoid fat ratio (�0.060, �0.114;
�0.005), and total fat (�0.152,�0.194;�0.110). In terms of absolute
values, a 3-point increment in CQI was associated with a decrease
of 50.9 g (95% CI -67.0; �34.8, p < 0.001) [or 53.6 cm3

(�70.7; �36.5, p < 0.001)] in visceral fat and 424 g (�519; �331,
p < 0.001) in total fat mass during 1 year of follow-up
(Supplementary Table 4).

Regarding the sensitivity analysis (Table 3), the main results did
not substantially change when alternative assumptions were
tested. However, in those models whereby CQI was considered a
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continuous variable, further adjustment for adherence to the
erMedDiet somewhat attenuated point estimates, although statis-
tically significant associations remained with all adiposity in-
dicators, except for the android-to-gynoid fat ratio. Additional
adjustment for body weight and total fat mass also decreased the
magnitude of the inverse associations for all adiposity indicators,
although associations remained statistically significant. A similar
pattern was seen when CQI was coded in tertiles, except for the
android-to-gynoid fat ratio, for which statistical significance for
linear trend was lost under some of the scenarios tested.

Baseline age, T2D prevalence, obesity status, PA and SB did not
modify the association between CQI and any of the adiposity in-
dicators, thus stratified analyses by these variables were not



Table 2
Association between concurrent changes in CQI and fat distribution (z-scores) during follow-up.

Continuous Tertiles of increment in CQI

CQI (per 3-point increment) T1 (low) T2 (medium) T3 (high)

b (95% CI) p-value b (95% CI) b (95% CI) b (95% CI) p for trend

Visceral fat z-score
Minimally-adjusted �0.073 (�0.094; �0.052) <0.001 reference �0.062 (�0.109; �0.015) �0.170 (�0.225; �0.116) <0.001
Multivariable-adjusted �0.067 (�0.088; �0.046) <0.001 reference �0.057 (�0.104; �0.010) �0.155 (�0.209; �0.100) <0.001
Android-to-gynoid fat ratio z-score
Minimally-adjusted �0.039 (�0.060; �0.018) <0.001 reference �0.041 (�0.087; 0.005) �0.064 (�0.117; �0.010) 0.031
Multivariable-adjusted �0.038 (�0.059; �0.017) <0.001 reference �0.041 (�0.087; 0.006) �0.060 (�0.114; �0.005) 0.047
Total fat mass z-score
Minimally-adjusted �0.069 (�0.086; �0.053) <0.001 reference �0.083 (�0.119; �0.048) �0.165 (�0.207; �0.124) <0.001
Multivariable-adjusted �0.064 (�0.080; �0.047) <0.001 reference �0.077 (�0.113; �0.041) �0.152 (�0.194; �0.110) <0.001

Abbreviations: CQI e carbohydrate quality index.
Visceral fat (g), android-to-gynoid fat ratio, and total fat mass (% of DXA-derived total bodymass (sum of total bone, fat andmuscle mass)) were normalized into sex-specific z-
scores for analysis.
Analyses were performed using linear mixed-effects models with random intercepts at recruiting center, cluster family and patient level. Minimally adjusted model was
adjusted for age, sex, study arm and follow-up time. Multivariable-adjusted model was further adjusted for baseline variables, such as educational level, marital status,
smoking habits, type 2 diabetes prevalence, height, as well as repeatedly measured physical activity, sedentary behavior, total energy and alcohol intake.
In the continuous model, beta represents changes in adiposity indicators expressed as sex-specific z-scores, associated with 3-point increment in CQI. In the categorical model,
beta represents changes in adiposity indicators expressed as sex-specific z-scores in each sex-specific tertile of CQI versus tertile 1 (reference category).
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conducted. However, a significant interaction between CQI and
sex was observed in the case of the android-to-gynoid fat ratio
(p for interaction ¼ 0.038); stratified analyses showed a negative
association between CQI and android-to-gynoid fat ratio among
men (b �0.057 z-score, 95% CI -0.087; �0.027, p < 0.001) but not
among women (�0.014, �0.044; 0.016, p ¼ 0.360). Moreover, a
significant effect modification by study arm was detected for all
adiposity indicators (p for interaction for visceral fat ¼ 0.003,
android-to-gynoid fat ratio ¼ 0.046, and total fat mass ¼ 0.006).
Furthermore, we found that the associations were only evident
in the intervention group (visceral fat: b �0.093 z-score,
95% CI �0.122; �0.063, p < 0.001; android-to-gynoid fat
ratio: �0.056, �0.086; �0.026, p < 0.001; total fat
mass: �0.072, �0.097; �0.048, p < 0.001) but not in the control
arm of the trial (visceral fat: �0.023, �0.055; 0.009, p ¼ 0.151;
android-to-gynoid fat ratio: �0.011, �0.043; 0.020, p ¼ 0.481;
total fat mass: �0.020, �0.042; 0.002, p ¼ 0.078) (data not shown
in tables).

In additional analysis, we found that our results were practically
unchanged when CQI alternatives were tested (Supplementary
Table 5). Furthermore, we found that for all adiposity indicators
the associations were stronger among those participants with
higher values (�median) of both CQI at baseline and CQI change at
1 year (Supplementary Table 6). Finally, when evaluating each CQI
component separately (Fig. 1), we found that fibre intake and the
ratio of wholegrain/total grain presented the strongest and statis-
tically significant negative associations with all adiposity indicators
(all p-values <0.01). After mutual adjustment for individual CQI
components, fibre intake remained as the component which was
most strongly associated with adiposity, and the point estimates for
the associations with the ratio of wholegrain/total grain were
attenuated, but p for linear trend remained statistically significant,
except for android-to-gynoid fat ratio (Supplementary Fig. 3).

4. Discussion

This prospective analysis aimed to determine the association of
changes in the carbohydrate quality index, a multidimensional
score assessing carbohydrate intake quality, on adiposity distribu-
tion using a direct quantifying method in older adults with over-
weight/obesity andMetS. Overall, we found that a CQI increase was
associated with a decrease in regional and overall adiposity. These
associations were independent of changes in carbohydrates
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quantity and other macronutrients, but were attenuated (although
they remained statistically significant) after adjusting for changes
in adherence to the MedDiet as well as for changes in total fat mass
and body weight. To the best of our knowledge, no previous studies
have assessed the link between changes in the overall quality of
carbohydrates and changes in overall and regional adiposity ac-
cretion using a prospective design. Of note, this relationship was
ascertained by analyzing dynamic changes in diet and adiposity
throughout a 1-year follow-up time with three repeated mea-
surements of diet and adiposity, in the context of an intervention
study aimed at weight loss.

Evidence so far has shown that the quality of dietary carbohy-
drates, rather than the quantity, may have a greater impact on a
health and overall mortality [3,40]. A variety of methods have been
proposed to assess dietary carbohydrate quality, serving as useful
tools to determine the potential risk of suffering conditions such as
T2D, CVD and MetS [3,40]. However, most studies have used indi-
vidual components instead of a clearly defined multidimensional
measurement that accounts for several quality indicators [18]. In
this sense, the use of the CQI as a tool to determine dietary car-
bohydrate quality is a recent and interesting addition to these ap-
proaches, whereby a higher CQI indicates better carbohydrate
quality and is thus associated to a lower risk of obesity [16,18,19],
CVD [18,41], breast cancer [20] and all-cause mortality [21]. Mar-
tínez-Gonz�alez et al. [18] carried out a longitudinal analysis in the
same population herein studied (PREDIMED-Plus) and reported
that improvements in CQI throughout a 1-year period were asso-
ciated to a reduction in CVD risk factors, including waist circum-
ference and body weight. Furthermore, the SUN project, an
ongoing, longitudinal cohort carried out in a Spanish population of
younger and healthier subjects, also reported that the CQI was
inversely associated with risk of overweight/obesity over an 8-year
time frame [16]. In contrast, Sawicki et al. [3] reported marginal
associations between CQI and changes in waist circumference, and
none with weight gain, throughout a period of 18 years in the US
middle-aged to older cohort from the Framingham Offspring Study.
The discrepancies might be related to different methodological
aspects or cohort characteristics.

Visceral fat constitutes only a small proportion of total fat (in our
population accounted for 8.5% in men and 5% in women), but the
available evidence indicates that it plays an important role in
certain chronic diseases, such as T2D, MetS, CVD and cancer [9e11].
Yet, it remains unclear whether modifications in particular lifestyle



Table 3
Sensitivity analysis. Association between concurrent changes in CQI and fat distribution (z-scores) during follow-up.

A. Visceral fat z-score Continuous Tertiles of increment in CQI

CQI (per 3-point increment) T1 (low) T2 (medium) T3 (high)

b (95% CI) p-value b (95% CI) b (95% CI) b (95% CI) p for trend

Overall �0.067 (�0.088; �0.046) <0.001 reference �0.057 (�0.104; �0.010) �0.155 (�0.209; �0.100) <0.001
Nutritional factors
þ changes in intake of carbohydrates (g/

day)
�0.070 (�0.091; �0.048) <0.001 reference �0.059 (�0.106; �0.012) �0.160 (�0.214; �0.105) <0.001

þ changes in intake of MUFA, PUFA,
SFA, trans FA, and protein (g/day)

�0.058 (�0.080; �0.036) <0.001 reference �0.044 (�0.091; 0.004) �0.132 (�0.188; �0.076) <0.001

þ changes in adherence to erMedDiet
(17p score)

�0.038 (�0.062; �0.015) 0.001 reference �0.018 (�0.067; 0.030) �0.084 (�0.143; �0.024) 0.012

þ changes in UPF consumption (% of
total intake g/day)

�0.061 (�0.083; �0.040) <0.001 reference �0.048 (�0.095; �0.001) �0.142 (�0.197; �0.087) <0.001

Excluding total energy intake (kcal/day) �0.065 (�0.086; �0.044) <0.001 reference �0.053 (�0.099; �0.006) �0.149 (�0.204; �0.095) <0.001
Health conditions
þ number of MetS factors �0.067 (�0.088; �0.046) <0.001 reference �0.056 (�0.103; �0.010) �0.154 (�0.209; �0.100) <0.001
þ history of overweight �0.067 (�0.088; �0.046) <0.001 reference �0.057 (�0.104; �0.010) �0.155 (�0.209; �0.100) <0.001
þ changes in body weight (kg) �0.030 (�0.049; �0.010) 0.002 reference �0.013 (�0.056; 0.029) �0.069 (�0.118; �0.020) 0.013
þ changes in total fat mass (g) �0.028 (�0.046; �0.010) 0.003 reference �0.009 (�0.049; 0.031) �0.060 (�0.107; �0.014) 0.018
Dealing with missing follow-up data

using LOCF
�0.053 (�0.071; �0.035) <0.001 reference �0.034 (�0.072; 0.004) �0.119 (�0.163; �0.074) <0.001

B. Android-to-gynoid fat ratio z-score Continuous Tertiles of increment in CQI

CQI (for 3-point increment) T1 (low) T2 (medium) T3 (high)

b (95% CI) p-value b (95% CI) b (95% CI) b (95% CI) p for trend

Overall �0.038 (�0.059; �0.017) <0.001 reference �0.041 (�0.087; 0.006) �0.060 (�0.114; �0.005) 0.047
Nutritional factors
þ changes in intake of carbohydrates (g/

day)
�0.039 (�0.060; �0.018) <0.001 reference �0.041 (�0.088; 0.005) �0.061 (�0.115; �0.006) 0.044

þ changes in intake of MUFA, PUFA,
SFA, trans FA, and protein (g/day)

�0.030 (�0.052; �0.008) 0.008 reference �0.029 (�0.076; 0.018) �0.037 (�0.093; 0.018) 0.257

þ changes in adherence to erMedDiet
(17p score)

�0.019 (�0.042; 0.005) 0.120 reference �0.012 (�0.060; 0.036) �0.007 (�0.066; 0.052) 0.981

þ changes in UPF consumption (% of
total intake g/day)

�0.036 (�0.057; �0.014) 0.001 reference �0.036 (�0.083; 0.011) �0.053 (�0.108; 0.002) 0.086

Excluding total energy intake (kcal/day) �0.037 (�0.058; �0.016) 0.001 reference �0.039 (�0.085; 0.007) �0.057 (�0.111; �0.003) 0.056
Health conditions
þ number of MetS factors �0.038 (�0.059; �0.017) <0.001 reference �0.040 (�0.086; 0.007) �0.058 (�0.113; �0.004) 0.051
þ history of overweight �0.036 (�0.060; �0.017) <0.001 reference �0.041 (�0.088; 0.005) �0.060 (�0.114; �0.006) 0.044
þ changes in body weight (kg) �0.029 (�0.050; �0.007) 0.008 reference �0.029 (�0.075; 0.017) �0.037 (�0.091; 0.017) 0.239
þ changes in total fat mass (g) �0.028 (�0.049; �0.007) 0.008 reference �0.028 (�0.074; 0.017) �0.036 (�0.089; 0.018) 0.254
Dealing with missing follow-up data

using LOCF
�0.030 (�0.048; �0.013) 0.001 reference �0.027 (�0.065; 0.010) �0.044 (�0.088; 0.001) 0.084

C. Total fat mass z-score Continuous Tertiles of increment in CQI

CQI (per 3-point increment) T1 (low) T2 (medium) T3 (high)

b (95% CI) p-value b (95% CI) b (95% CI) b (95% CI) p for trend

Overall �0.064 (�0.080; �0.047) <0.001 reference �0.077 (�0.113; �0.041) �0.152 (�0.194; �0.110) <0.001
Nutritional factors
þ changes in intake of carbohydrates (g/

day)
�0.064 (�0.080; �0.047) <0.001 reference �0.077 (�0.113; �0.041) �0.152 (�0.194; �0.110) <0.001

þ changes in intake of MUFA, PUFA,
SFA, trans FA, and protein (g/day)

�0.055 (�0.072; �0.038) <0.001 reference �0.065 (�0.101; 0.029) �0.131 (�0.173; �0.088) <0.001

þ changes in adherence to erMedDiet
(17p score)

�0.034 (�0.052; �0.016) <0.001 reference �0.039 (�0.076; �0.003) �0.083 (�0.128; �0.038) 0.001

þ changes in UPF consumption (% of
total intake g/day)

�0.058 (�0.075; �0.041) <0.001 reference �0.069 (�0.104; �0.033) �0.140 (�0.182; �0.098) <0.001

Excluding total energy intake (kcal/day) �0.062 (�0.078; �0.045) <0.001 reference �0.073 (�0.109; �0.038) �0.147 (�0.189; �0.105) <0.001
Health conditions
þ number of MetS factors �0.064 (�0.080; �0.047) <0.001 reference �0.077 (�0.113; �0.042) �0.153 (�0.195; �0.111) <0.001
þ history of overweight �0.064 (�0.080; �0.047) <0.001 reference �0.077 (�0.113; �0.042) �0.152 (�0.194; �0.111) <0.001
þ changes in body weight (kg) �0.015 (�0.028; �0.002) 0.028 reference �0.021 (�0.050; 0.007) �0.043 (�0.077; �0.009) 0.020
Dealing with missing follow-up data

using LOCF
�0.052 (�0.065; �0.038) <0.001 reference �0.061 (�0.090; �0.033) �0.122 (�0.156; �0.088) <0.001

Abbreviations: FA e fatty acids; CQI e carbohydrate quality index, erMedDiet e energy-restricted Mediterranean diet; LOCF e last observation carried forward; MetS e

metabolic syndrome; MUFA e monounsaturated fatty acids, PUFA e polyunsaturated fatty acids, SFA e saturated fatty acids; UPF e ultra-processed foods.
Visceral fat (g), android-to-gynoid fat ratio, and total fat mass (% of DXA-derived total bodymass (sum of total bone, fat andmuscle mass)) were normalized into sex-specific z-
scores for analysis.
Analyses were performed using linear mixed-effects models with random intercepts at recruiting center, cluster family and patient level, after adjusting in full model for
baseline variables, such as age, sex, study arm, educational level, marital status, smoking habits, type 2 diabetes prevalence, height, as well as repeatedly measured physical
activity, sedentary behavior, total energy and alcohol intake, and follow-up time.
In the continuous model, beta represents changes in adiposity indicators expressed as sex-specific z-scores, associated with 3-point increment in CQI. In the categorical model,
beta represents changes in adiposity indicators expressed as sex-specific z-scores in each sex-specific tertile of CQI versus tertile 1 (reference category).
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Fig. 1. Association between concurrent changes in components of CQI and fat distribution (z-scores) during follow-up. Abbreviations: CQI e carbohydrate quality index. Visceral fat
(g), android-to-gynoid fat ratio, and total fat mass (% of DXA-derived total body mass (sum of total bone, fat and muscle mass)) were normalized into sex-specific z-scores for
analyses. Ratio of solid carbohydrate/total carbohydrate was calculated as solid carbohydrates/(solid carbohydrates þ liquid carbohydrates); ratio of wholegrain/total grain car-
bohydrate was calculated as whole grains/(wholegrains þ refined grains or their products). Analyses were performed using linear mixed-effects models with random intercepts at
recruiting center, cluster family and patient level, after adjusting in full model for baseline variables, such as age, sex, study arm, educational level, marital status, smoking habits,
type 2 diabetes prevalence, height, as well as repeatedly measured physical activity, sedentary behavior, total energy and alcohol intake, and follow-up time. Beta represents
changes in adiposity indicators, expressed as sex-specific z-scores, in quintile 5 versus quintile 1 (reference category) of each CQI component.
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factors can alter fat from specific anatomic sites [42]. Thus, one of
the most important findings from this study is that moving towards
better CQI is associated with a decrease in visceral fat, and these
improvements are of similar magnitude and independent of
changes in total body fat. Although it is true that further adjustment
for changes in total fat or body weight substantially attenuated this
association, suggesting that a reduction in overall adiposity could
be partially responsible for the association, manipulation of car-
bohydrate quality may also specifically induce mobilization of
visceral fat, and possibly via mechanisms beyond its effects on
overall adiposity. Our group and other authors have previously
reported the presence of unique associations of certain food groups,
such as ultra-processed foods [22], fruit and vegetables [6], whole
and refined grains [7], with visceral fat beyond overall obesity.

It is worth to underline that strategies to decrease visceral fat
are highly warranted, but the clinical significance of the magnitude
of decrease we found for this depot in our study (�50.9 g
or �53.6 cm3 per each 3-point increment in CQI) is unclear. Lack of
robust reference ranges affects the interpretation of visceral fat in
clinical practice and research settings [43]. The direct comparison
with previous studies addressing link between diet and
objectively-measured specific fat depots is severely hampered by
type of imaging technique used (different tissue segmentation and
units), as well as subject's and study characteristics. In a small RCT
with DXA device, a 12-week weight loss intervention based on
portion-controlled reduced-energy diet among overweight/obese
subjects resulted in the decrease of 14.2 g of visceral fat [44]. In a
recent CENTRAL magnetic resonance imaging RCT [42], authors
found that a decrease of 0.58 cm2 of visceral fat in subjects with
abdominal obesity or dyslipidemia after a 18-month intervention
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with Mediterranean/low-carbohydrate diet vs low-fat diet, was
associated with improved cardiometabolic markers. Undoubtedly,
more large and well-conducted longitudinal studies and RCTs are
warranted to shed light on the clinical importance of results found
on this particular fat depot.

Due to the sexual dimorphism in body composition [45], sex-
adjusted models were used for all analyses and the interaction
between CQI and sex on adiposity was assessed. However, given
that after menopause the pattern of fat accumulation in women
mirrors that of men [45], we found little evidence for sex-specific
modification effect in our study. The exception was for android-
to-gynoid fat ratio, for which we found a stronger and significant
association with CQI only in men, but not in women. This might be
due to chance finding due to the multiple comparisons performed
in this study.

The mechanism behind the association between carbohydrates
quality and better metabolic facets has been previously discussed
[3,16,17,46], suggesting that a variety of factors related to individual
quality dimensions play a role, including the satiating effect, ca-
pacity of slowing food digestion and absorption, changes in the gut
microbiota profile, and the fact that individuals presenting higher
CQI values have a healthier diet overall (as seen in this paper
through higher adherence to MedDiet at baseline of participants in
tertile 3 and reported by others [18]). Notably, when looking at the
individual components of the CQI, we observed that our associa-
tions weremostly driven by fibre, and the ratio of wholegrains/total
grains carbohydrates. In line with our findings, the authors of
recent series of systematic reviews and meta-analyses of prospec-
tive studies and clinical trials concluded that both dietary fibre and
wholegrains may serve as key markers of overall carbohydrate
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quality in relation to a range of non-communicable disease out-
comes [40]. The benefits of fibre include the capacity to increase
faecal bulk and to shorten transit time, leading to decreased
nutrient absorption, or energy reduction, which could affect total
fat, and ultimately visceral fat accumulation [47]. The slower food
digestion and absorption may also reduce postprandial glucose and
insulin responses, which can in turn influence satiety as well as
lipid metabolism, favouring fat oxidation and lipolysis rather than
its storage [40,48]. The mode of action of these beneficial fibre ef-
fects is not fully elucidated, but gut microbiota and short-chain
fatty acids may be implicated [49].

The results for wholegrains/total grains ratio were similar to
those for fibre, suggesting that the beneficial effects of wholegrains
on adiposity could be predominantly due to cereal fibre content.
However, further adjustment for fibre and other CQI components
preserved the associations with visceral and total fat, although the
point estimates diminished, suggesting that other attributes of
wholegrains, such as antioxidants (i.e. vitamin E), minerals (i.e.
magnesium, potassium, selenium, and zinc) and bioactive com-
pounds (i.e. polyphenols) or particle size, may also enhance glucose
and insulin metabolism, and thereby prevent body fat accumula-
tion [7,48]. All in all, the potential mechanisms by which carbo-
hydrate quality may be related to overall and regional adiposity is
speculative and warrants future studies.

Several limitations to this study need to be acknowledged. First,
due to the observational nature of the study, causality cannot be
inferred. Second, the cohort is based on older people with over-
weight/obesity and MetS from a Mediterranean area, which can
limit the generalizability of our findings to the general population.
However, the described health profile of our population (over-
weight/obesity and/or MetS) is quite common in current Western
societies [50e53]. On the other hand, the extrapolation of these
findings to the general population could be affected by the fact that
half of the study cohort was exposed to a weight-loss program.
Third, the use of self-reported dietary data is subject to measure-
ment error. However, we undertook some actions to improve
measurement precision: the FFQ used was previously validated in a
Spanish population; the FFQ was administered repeatedly (every 6
months) to the participants by trained dietitians during face-to-
face interviews; participants with implausible total energy intake
values were excluded from analyses; and all models were adjusted
for changes in total energy intake. Lastly, the social desirability bias
inherent to most nutritional studies is also a limitation, since di-
etary assessment methods based on self-reports may be affected by
the natural tendency to respond in a manner to avoid criticism or
judgement and to seek social approval [54].

Despite these limitations, the strengths of this study include the
prospective, multicenter design, a relatively large sample size,
control for awide set of confounders, and performance of a series of
sensitivity and stratified analyses. Unlike most of the previous
research on carbohydrate quality and obesity, we used a multidi-
mensional quality metric, being a more comprehensive tool than
individual quality markers, to capture interactive effects of food
components on health outcomes. Moreover, adiposity was deter-
mined by means of a precise imaging technique. Of note, the
advantage and novelty of this study is that both exposure and
outcome were repeatedly measured at the same three time points,
potentially decreasing the risk of reverse causality.

In summary, in this prospective study among older adults at
high CVD risk from Mediterranean area, we found that changes
towards better overall carbohydrate quality, as assessed by a
multidimensional approach, were associated with favourable
changes in visceral and overall adiposity distribution. These find-
ings contribute to an extensive literature on carbohydrates,
emphasizing the importance of carbohydrate quality (increasing
2272
dietary fibre and wholegrains, reducing liquid carbohydrates, and
preferring lower glycemic index foods) over quantity to reduce the
risk of obesity and the development of other chronic diseases.
Furthermore, we also found that the observed associations were
mostly driven by fibre and the wholegrains/total grains ratio. Thus,
special focus on the promotion of fibre-rich foods, including fruits,
vegetables, legumes and nuts, and the substitution of refined grains
by wholegrains, may be important dietary recommendations to
adopt in clinical practice to promote a healthier body composition.
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