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A Mediterranean Diet-Based Metabolomic Score and
Cognitive Decline in Older Adults: A Case–Control Analysis
Nested within the Three-City Cohort Study

Alba Tor-Roca, Alex Sánchez-Pla, Aniko Korosi, Mercè Pallàs, Paul J. Lucassen,
Pol Castellano-Escuder, Ludwig Aigner, Raúl González-Domínguez, Claudine Manach,
Francisco Carmona, Esteban Vegas, Catherine Helmer, Catherine Feart,
Sophie Lefèvre-Arbogast, Jeanne Neuffer, Hyunah Lee, Sandrine Thuret,
Cristina Andres-Lacueva, Cécilia Samieri, and Mireia Urpi-Sarda*

Scope: Evidence on the Mediterranean diet (MD) and age-related cognitive
decline (CD) is still inconclusive partly due to self-reported dietary
assessment. The aim of the current study is to develop an MD- metabolomic
score (MDMS) and investigate its association with CD in community-dwelling
older adults.
Methods and results: This study includes participants from the Three-City
Study from the Bordeaux (n = 418) and Dijon (n = 422) cohorts who are free
of dementia at baseline. Repeated measures of cognition over 12 years are
collected. An MDMS is designed based on serum biomarkers related to MD
key food groups and using a targeted metabolomics platform. Associations
with CD are investigated through conditional logistic regression (matched on
age, sex, and education level) in both sample sets. The MDMS is found to be
inversely associated with CD (odds ratio [OR] [95% confidence interval (CI)] =
0.90 [0.80–1.00]; p = 0.048) in the Bordeaux (discovery) cohort. Results are
comparable in the Dijon (validation) cohort, with a trend toward significance
(OR [95% CI] = 0.91 [0.83–1.01]; p = 0.084).
Conclusions: A greater adherence to the MD, here assessed by a serum
MDMS, is associated with lower odds of CD in older adults.
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1. Introduction

Dementia is a rapidly growing pub-
lic health problem affecting around 50
million people worldwide. Every year,
there are nearly 10 million new cases,
and this figure is projected to triple
by 2050 due to the global aging pop-
ulation and its anticipated impact and
costs for society are huge.[1] Dementia
is characterized by progressive cognitive
decline (CD), a major cause of disabil-
ity and dependency among older people.
While there is currently no treatment

for dementia, certain lifestyle factors
have been associated with a delay in the
age-at-onset or with a slowing down of
disease progression. In fact, a healthy
diet is thought to have great preven-
tive potential for CD, both directly and
through its role in reducing other risk
factors (such as hypertension and type
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2 diabetes).[2] Healthy dietary patterns have indeed been as-
sociated with a lower risk of dementia[3–5] and better cogni-
tive performance.[6] Also, several observational studies have con-
cluded that a high adherence to in particular the Mediterranean
diet (MD) is associated with a decreased risk of mild cognitive
impairment and Alzheimer’s disease (AD),[7] and with better
episodic memory and global cognition.[8] Two other related di-
etary patterns also associated with better cognitive performance
are the Dietary Approaches to Stop Hypertension (DASH)[9]

and the Mediterranean-DASH Intervention for Neurodegener-
ative Delay (MIND) diets.[10,11] However, evidence of the as-
sociations between dietary patterns and cognitive function is
still inconclusive.[12] For instance, a meta-analysis of random-
ized controlled trials investigating MD effects on cognition, or
on brain morphology and function, concluded that the associ-
ations were mostly non-significant, with small effect sizes.[13]

Gauci et al. also found conflicting results in studies investigat-
ing the effects of the DASH and MIND diets on neurocognitive
function.[14]

Some of these inconsistencies may be attributable to the fact
that current epidemiological data on dietary patterns mostly rely
on self-reported questionnaires, which may misreport the actual
food consumption and thereby underestimate the inter- and in-
traindividual variability in bioavailability of bioactive food com-
ponents that could arise from numerous factors (e.g., sex, age,
genetic background, chronic diseases, liver function, and gut
microbiota).[15]

To overcome these limitations, the use of a panel of di-
etary biomarkers would constitute an alternative (or com-
plement) to provide a more specific assessment of dietary
exposure and to better evaluate the association between di-
etary exposure and health outcomes.[16] Prior studies have
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indeed identified protective associations between urinary
total polyphenols, individual plant-derived metabolites – in-
cluding phenolic acids such as 3-hydroxyhippuric acid and
3-hydroxyphenylacetic sulfate, urinary urolithin derivatives,
lutein, ergothioneine, and equol – and CD, as well as negative
associations with metabolites related to generally considered
unhealthy dietary components, such as saccharin and propionic
acid.[17–23] Yet, studies using combinations of diverse biomark-
ers to monitor compliance with specific dietary patterns are
scarce.
Here, we developed an MD-based metabolomic score and in-

vestigated its association with CD in two sample sets from the
centers of Bordeaux and Dijon, as of the Three-City Cohort (3C
Study).

2. Experimental Section

2.1. Study Design and Population

This study conducted a nested case–control study using data
from the 3C Study, a population-based cohort on dementia that
included older persons (≥65 years) from three French cities.[24]

A detailed description was provided elsewhere.[17–19,24–29] Briefly,
sociodemographic and lifestyle characteristics, medical informa-
tion, neuropsychological testing, blood pressure, anthropomet-
ric measurements, and fasting blood samples were collected at
baseline from 1999 to 2000, and follow-up visits were then sched-
uled every 2–3 years for repeated health and neuropsychological
assessment.[24] The study was performed in accordance with the
principles contained in the Declaration of Helsinki. The Con-
sultative Committee for the Protection of Persons participating
in Biomedical Research at Kremlin-Bicêtre University Hospital
(Paris, France) approved the 3C Study protocol (IRB approval
number 9928, Kremlin Bicêtre, June 10, 1999), and all partici-
pants provided written consent.
In this nested case–control study, two sample sets were built

among participants from the centers of Bordeaux and Dijon of
the 3C Study, with Bordeaux as the discovery set and Dijon as
the set used for external validation.[17,18] From the entire Bor-
deaux and Dijon cohorts, eligible participants were selected for
the present study if they were not diagnosed with dementia at
baseline, had available serum samples, and had at least one re-
peated cognitive evaluation over the subsequent 12 years.
To build the case–control samples on CD, the study defined a

composite score of global cognition at each follow-up visit as the
average Z-scores of five neuropsychological tests (Mini-Mental
State Examination [MMSE], BentonVisual Retention Test, Isaac’s
Set Test, Trail-Making Test part A, and Trail-Making Test part
B).[17,18] Individual slopes of cognitive change were then es-
timated using linear mixed models, as previously detailed.[18]

Cases were defined as the participants with the worst CD slopes.
Then, it matched each case to a control (i.e., a participant with
a CD slope better than the population median) based on age at
baseline, sex, and education level. Overall, 209 cases were indi-
vidually matched to a control in Bordeaux, leading to a discov-
ery sample of 418 subjects. In Dijon, 211 cases were successfully
matched to 211 controls, leading to a validation sample of 422
subjects.
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Table 1. Clinical and demographic characteristics of the discovery (Bordeaux, n = 418) and validation (Dijon, n = 422) case–control samples.

Bordeaux cohort Dijon cohort

Controls (n = 209) Cases (n = 209) pa) Controls (n = 211) Cases (n = 211) pa)

Age [years] 75.7 (4.2) 75.9 (4.5) – 76.2 (4.7) 76.5 (5.2) –

Sex, female (n [%]) 138 (66) 138 (66) – 133 (63) 133 (63) –

Educational level, ≥ secondary school (n [%]) 60 (28.7) 61 (29.2) – 60 (28.4) 60 (28.4) –

BMI [kg m−2] 25.8 [4.3] 26.4 [5.6] 0.12 24.9 [4.4] 25.4 [6] 0.099

Number of medications regularly consumed 4.1 (2.4) 4.9 (2.7) 0.003 4.0 [3.0] 5.0 [4.0] < 0.001

MMSE (points) 28.0 [2.0] 28.0 [3.0] < 0.001 29.0 [1.0] 26.0 [4.0] < 0.001

Diabetes, yes (n [%]) 12 (5.7) 27 (12.9) 0.017 12 (5.7) 27 (12.8) 0.017

ApoE-𝜖4, carrier (n [%]) 25 (12.0) 54 (25.8) 0.001 44 (20.9) 56 (26.5) 0.187

Alcohol intake [g d−1] 9.6 [19.2] 9.6 [17.8] 0.263 9.6 [16.5] 9.6 [17.8] 0.822

Current smoking, yes (n [%]) 9 (4.3) 10 (4.8) 0.695 4 (1.9) 13 (6.2) 0.150

Depression, yes (n [%]) 15 (7.2) 20 (9.6) 0.386 25 (11.8) 47 (22.3) 0.005

Hypercholesterolemia, yes (n [%]) 128 (61.2) 127 (60.8) 0.922 119 (56.4) 126 (59.7) 0.482

Hypertension, yes (n [%]) 159 (76.1) 164 (78.5) 0.564 175 (82.9) 177 (83.9) 0.789

MDS (points)b) 4.3 (1.6) 4.3 (1.7) 0.404 – – –

MDMS (points) 6.7 (2.1) 6.4 (2.2) 0.168 6.8 (2.0) 6.5 (2.0) 0.067

Values aremean (SD),median [IQR], or number of subjects with the characteristic (%). ApoE-𝜖4, apolipoprotein E-ɛ4 genotype; IQR, interquartile range;MDMS,Mediterranean
diet metabolomic score; MDS, Mediterranean diet score; MMSE, Mini-Mental State Examination; SD, standard deviation.

a)
Estimated using conditional logistic regression

models; b) Data available from 349 subjects from the Bordeaux cohort.

2.2. Targeted Metabolomics Analysis of Serum Samples

The study conducted a targeted metabolomics analysis of serum
samples using a multi-metabolite platform for the simultane-
ous detection and quantification of food-related metabolites, mi-
crobiota derivatives, and endogenous metabolites following the
methodology detailed in previous publications.[17,30] The samples
were randomly distributed formetabolomics analysis utilizing an
Infinity UHPLC system (Agilent, Santa Clara, CA, USA) coupled
to a QTRAP 6500 mass spectrometer equipped with an Ion Drive
Turbo V ion source (Sciex, Framingham, MA, USA) using the
operating conditions described elsewhere.[17]

2.3. Mediterranean Diet Metabolomic Score

In line with the Mediterranean diet score (MDS) defined by Tri-
chopoulou et al.[31] the MD metabolomic score (MDMS) was
developed de novo using a 14-point linear scale that incorpo-
rated two putative dietary metabolomic biomarkers of seven
key components of the MD (vegetables, legumes, fruits, ce-
reals, dairy, fats, and fish) (Table 1 and Table S1, Supporting
Information).[31,32]

The metabolites for the MDMS were selected based on three
criteria: a) metabolites reported as putative biomarkers of key
MD food groups,[33–47] b) metabolites available in the serum
metabolomic panel described previously,[17,30,48] and c) metabo-
lites with described health-related proprieties (Table S1, Support-
ing Information). Detailed information about the eligibility cri-
teria of the metabolites for the MDMS is shown in Table S1
(Supporting Information). In this MDMS, the meat item from
the MDS was excluded as it was not possible to establish a set
of metabolites that can reliably discriminate between meat in-

take, products of human muscle catabolism, and other protein-
rich foods (e.g., fish and seafood), as well as between different
meat sources (e.g., red meat vs. poultry).[44] This study did not
include an alcohol-related item either since low levels of alco-
hol have shown slight reductions in health-related harm (i.e., is-
chemic heart disease and diabetes in very specific populations)
but an increased risk of other health-related conditions, including
cirrhosis, infectious diseases, early dementia, and cancer.[49,50]

We thus worked with n = 14 serum biomarker compo-
nents. We decided to group four categories of foods (vegeta-
bles, fruits, legumes, and cereals) as a plant-based food group
since some of the biomarkers described could be ubiquitously
present among all these food groups. Enterolactone (EL), hip-
puric acid (HA), proline betaine; trigonelline; 3,8-dihydroxy-
urolithin glucuronide (UroA-G), 3,4-dihydroxybenzoic acid (3,4-
DHBA), 3′,4′-dihydroxyphenylacetic acid sulfate (3,4-DHPAA-S),
and 5-(3′,4′-dihydroxyphenyl)-𝛾-valerolactone sulfate (3,4-DHPV-
S) represented the plant-based food group. Docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) depicted the fish group,
while pentadecanoic acid andmargaric acid represented the dairy
products group. Finally, the dietary intake of MUFAs and satu-
rated fatty acids (SFAs) were depicted by oleic acid and palmitic
acid, respectively (Tables S1 and S2, Supporting Information).
Following the same design used by Trichopoulou et al.[31] the

study assigned a value of 0 or 1 to each dietary biomarker with
the use of the sex-specific median as the cutoff (Table S3, Sup-
porting Information). For dietary biomarkers of beneficial com-
ponents (vegetables, legumes, fruits, cereals, and fish), subjects
whose circulating level was below the median were assigned a
value of 0, and individuals whose level was at or above the me-
dian were assigned a value of 1. According to the MDS defined
by Trichopoulou et al.,[31,32] dairy products were presumed to be
detrimental. For this reason, the scoring for dietary biomarkers
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of dairy products was inverted.[31,32] Finally, for the relation be-
tween MUFAs and SFAs, the study assigned a value of 1 to those
individuals whose oleic acid concentration was at or above the
median and a value of 0 to those whose concentrations were be-
low it. The scoring was inverted for palmitic acid concentrations.
Oleic acid and palmitic acid are the most abundant dietary and
plasma FAs.[47,51] Moreover, oleic acid is a biomarker of olive oil
intake, the main source of MUFAs in the MD context.[31,52]

Thus, the total MDMS ranged from 0 (minimal adherence)
to 14 (maximal adherence). The MDMS was secondarily catego-
rized, using cutoff values based on the sex- and cohort-specific
medians, as low (<7 points) and high (≥7 points) adherence for
both sexes and cohorts.

2.4. Dietary Data

Details of dietary habits assessment were described
elsewhere.[53,54] Briefly, the study used a comprehensive
food frequency questionnaire (FFQ)[53] and a 24 h dietary
recall (24-HDR)[54] administered in 3C Bordeaux at the first
follow-up visit in the period 2001–2002 (2–3 years after base-
line when blood was drawn). For foods from the FFQ, data
were available for 351 Bordeaux sample subjects, and for
MUFAs and SFAs intake from the 24-HDR, data were avail-
able for 359 subjects. An MDS based on the FFQ and the
24-HDR was available for 349 subjects from Bordeaux (Table S4,
Supporting Information).

2.5. Statistical Analysis

Baseline characteristics of the participants were expressed as
means and standard deviations (SDs) for variables with normal
distribution, medians, and interquartile ranges (IQRs) for vari-
ables with asymmetric distribution, and percentages for categor-
ical variables. Baseline characteristic comparisons were tested
using conditional logistic regression models. Correlation analy-
ses were performed to examine the relation between MDMS and
MDS, and between food groups and dietary biomarkers of MD
key food groups in the Bordeaux cohort.
To study the association between MDMS and CD, the study

estimated odds ratios (ORs) and their 95% confidence interval
(CI) using logistic regression models conditioned on matching
variables (i.e., age at baseline, sex, and education level) (Model
1). For multivariable-adjusted analyses, the study considered po-
tentially modifiable risk factors for dementia (i.e., BMI, diabetes,
alcohol intake, smoking status, hypertension, depression, and
hypercholesterolemia)[55,56] (Model 2) as well as genetic factors
(i.e., apolipoprotein E-ɛ4 genotype [ApoE-ɛ4])[56] and the total
number of medications regularly consumed[17] (Model 3). The
goodness of fit of the proposed models was evaluated using the
likelihood-ratio chi-square test of the full model versus the null
model, where p < 0.05 was considered to be a good fit.
Effect modification by age at baseline, sex, education level,

BMI, diabetes, alcohol intake, smoking status, hypertension, de-
pression, hypercholesterolemia, the total number of medications
regularly consumed, and ApoE-ɛ4 was assessed by adding prod-
uct terms in the fully adjusted regressionmodels. Bonferroni cor-

rection was utilized for multiple testing correction (p< 0.05/12,
statistical threshold at 𝛼 = 0.004).
For covariates, missing values comprised <2% of the samples

and the reference category was assigned to missing data (for cate-
gorical variables) or the median value (for continuous variables).
All statistical analyses were performed using the SPSS software
package (SPSS 25.0, IBM, NY) and the significance level was a
two-tailed p < 0.05.

3. Results

3.1. Characteristics of the Study Populations

Clinical and demographic characteristics of the study popula-
tions at baseline are shown in Table 1. The participants were
matched for age, sex, and education level within the two sam-
ples, and these characteristics were similar between the discov-
ery (i.e., Bordeaux) and validation (i.e., Dijon) sample sets. As
expected, we observed lower scores for MMSE tests assessed in
this study among subjects with CD. Medication use was signif-
icantly higher in cases, as well as the prevalence of diabetes. In
the Bordeaux cohort, the presence of ApoE-ɛ4 was higher among
cases than among controls, although the percentage was similar
in the Dijon set. Cases from the Dijon cohort also showed a sig-
nificantly higher percentage of participants with depression com-
pared to controls (Table 1). However, in the Bordeaux set, cases
and controls had a similar percentage of subjects with depression
(Table 1).

3.2. Mediterranean Diet Metabolomic Score

The correlations among FFQ dietary components ofMD key food
groups and concentrations of serum biomarkers in the Bordeaux
set are presented in Table S5 (Supporting Information). Nearly
all MD key food groups had a positive and significant correlation
with their serum metabolites. The strongest correlation was be-
tween the intake of fish and seafood and the sum of EPA and
DHA (Table S5, Supporting Information). The plant-based food
group (i.e., total intake of vegetables, fruits, legumes, and cere-
als) and the sum of their selected biomarkers were also positively
correlated (Table S5, Supporting Information). Dairy intake and
serum pentadecanoic acid andmargaric acid were not correlated.
MDS was also positively correlated with MDMS (r = 0.135, p =
0.012) in the Bordeaux cohort (n = 349).

3.3. MDMS and CD

The associations between MDMS and CD are shown in Figure 1.
In the discovery set, CDwas not associated withMDMS in the ba-
sic model (Figure 1A, Model 1). This association was unchanged
after further adjustment for CD risk factors (i.e., BMI, diabetes,
alcohol intake, smoking status, hypertension, depression, and hy-
percholesterolemia) (Figure 1A, Model 2). However, after addi-
tionally adjusting for the total number of medications regularly
consumed and for ApoE-ɛ4 genotype (Model 3), subjects with a
higher MDMS were less likely to experience CD (OR [95% CI]
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Figure 1. Multivariate conditional logistic regression models for associa-
tion between MDMS (continuous and categorical) and CD in the 3C dis-
covery (Bordeaux, n = 418) A) and validation (Dijon, n = 422) B) cohorts.
OR (95% CI). Model 1 is unadjusted. Model 2 is adjusted for BMI, dia-
betes, alcohol intake, hypertension, smoking status, depression, and hy-
percholesterolemia. Model 3 is further adjusted for ApoE-ɛ4 and number
of medications. The CD variable was built defining the composite score of
global cognition at each follow-up visit.[17,18] Individual slopes of cognitive
change were then evaluated using linear mixed models, as detailed in the
previous publication.[18] Cases were defined as the participants with the
CD worst slopes. ApoE-𝜖4, apolipoprotein E-ɛ4 genotype; 3C, Three-City;
CD, cognitive decline; CI, confidence interval; MDMS, Mediterranean diet
metabolomic score; OR, odds ratio.

= 0.90 (0.80–1.00); p = 0.048, MDMS as continuous variable)
(Figure 1A, Model 3). This was consistent with the results ob-
served in Dijon, with a trend toward significance in this valida-
tion sample (OR [95% CI] = 0.91 [0.83–1.01]; p = 0.084 for Model
3 andMDMS as a continuous variable) (Figure 1B, Model 3). The
omnibus test suggested a significant improvement in fit of the
models relative to the null (𝜒2 (10) = 34.292; p ≤ 0.001 and 𝜒2

(10) = 37.670; p ≤ 0.001 in Bordeaux and Dijon, respectively, for
Model 3, MDMS as continuous variable).
Stratified analyses were performed to assess the association

between MDMS and the risk of CD in various subgroups (Table
S6, Supporting Information). We noticed a close to significant in-
teraction between MDMS and hypertension in the Bordeaux co-
hort (no hypertension, adjusted OR [95% CI] = 1.19 [0.95–1.50],
compared with hypertension, adjusted OR [95%CI]= 0.83 [0.66–
1.05]; p for interaction = 0.006). None of the other variables, in-
cluding age at baseline, sex, education level, BMI, diabetes, al-
cohol intake, smoking status, hypercholesterolemia, depression,
the total number of medications regularly consumed, and ApoE-
ɛ4, significantly modified the association between MDMS and
the risk of CD in the Bordeaux cohort. No interaction between
MDMS and the abovementioned variables was found in the Di-

jon cohort (all p for interactions > 0.004 for multiple testing cor-
rection) (Table S6, Supporting Information).

4. Discussion

Leveraging targeted large-scale metabolomics data from the 3C
Study, we here developed a Mediterranean diet metabolomic
score (MDMS) based on serum biomarkers of MD key food
groups. Our findings show that a higher MDMS is prospectively
associated with a lower risk of CD in older adults free of dementia
at baseline (median follow-up 12 years).
These results are in line with some prior prospective stud-

ies, where a high adherence to the MD, as assessed using di-
etary questionnaires, has been associated with a slower decline
in global cognition in older adults.[57,58] However, despite the ef-
forts made to reduce the heterogeneity of the scoring systems
used for assessing adherence to the MD, it is still challenging
to elucidate why current literature still reports mixed results for
cognitive function and the MD in older adults.[57,59] For instance,
in the 3C Study, Féart et al. suggested that a higher adherence
to the MD, using the MDS, was associated with a slower CD, as
based on MMSE score, but not with the risk of incident demen-
tia or AD.[32] In another large-scale prospective study including
16 058 women from the Nurses’ Health Study aged ≥70 years,
authors found that an alternate MDS was related to moderately
better cognition overall, but not to change in cognition over four
repeated measures after 6 years of follow-up.[60] By contrast, in
the EPIC-Spain Dementia Cohort Study, recent results showed
that MD appeared to be protective and lowered the incidence of
dementia.[61] Also, Scarmeas et al. reported that a higher MD ad-
herence was associated with a reduced risk of AD.[62]

One source of these biases could be linked to the modality of
assessing dietary intake, as most studies used dietary records,
which lack accuracy and are prone to random bias and system-
atic errors. As a matter of fact and as potentially expected, the
MDMS was weakly correlated with the MDS, as were most of the
MD key food groups with their metabolites. The MDMS was cre-
ated a priori based on the current state of the art on food intake
biomarkers[63,64] and aiming at taking a step forward by surro-
gating traditional indicators of dietary patterns intake (i.e., FFQ
and 24-HDR derived scores) and thus their inherent prone-to-
subjectivity and lack of accuracy.[65–67] For instance, dairy intake
and serum pentadecanoic andmargaric acids were not correlated
in this cohort. This may be attributable to the heterogeneity of
fat content through different dairy products in the marketplace
or within a specific product resulting from differences in pro-
cessing (e.g., skimming, among others), as well as in the quality
of the milk used as raw material (e.g., cattle breed and feeding,
among others).[45] This particular case might serve as a revealing
example of the need of better dietary definition, since in theMDS
defined by Trichopoulou et al. the dairy products are presumed
to be detrimental on account of their fat content.[31]

The weakness of correlation between the other food groups
and their dietary biomarkers could be attributed to i) the variabil-
ity of phytochemical or fatty acid content through a food group
or a specific product resulting from differences in harvesting or
between species (e.g., fatty fish have higher levels of long chain
n-3 PUFA than lean fish and seafood),[68] among others; ii) the
presence of the selected metabolites in other food sources not
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included in the MD key food groups (e.g., coffee, tea, and co-
coa products)[69]; and iii) the presence of other metabolites that
could contribute to the real content of anMD key food group (i.e.,
MUFA and SFA).
In a move to obtain more revealing information from dietary

intake data and to overcome the above-mentioned problems, food
biomarkers could be valuable in this respect as they can capture
not only food composition but also their bioavailability. In this
sense, several works have highlighted promising results when
evaluating single food biomarkers in relation to CD. Rabassa
et al. showed in their 3-year follow-up study that higher levels
of urinary total polyphenols, a biomarker of fruit and vegetable
intake, were associated with a lower risk of CD in older adults.[21]

Interestingly, in the 3C Study, distinct associations were found
between several serum food-derived metabolites and CD.[17–19]

Yet, in another move aimed at obtaining more meaningful evi-
dence, nutritional researchers have begun examining biomarkers
as measures of dietary patterns rather than of single nutrients or
dietary components. Unlike individual compounds, dietary pat-
terns better reflect a person’s habitual diet and provide a more
integrated measure of the synergistic and accumulative effects of
a combination of dietary factors.
To date, few studies have captured metabolomic signatures re-

lated to the MD through predictive and discriminant analysis,
and some have studied their association with health outcomes,
such as cardiovascular diseases and its risk factors.[70–75] To the
best of our knowledge, our current work is the first study to have
developed an a priori dietary metabolomic score based on serum
biomarkers of MD food groups and to evaluate it in association
with CD. Specifically, the MDMS comprises a set of serum phy-
tochemical and fatty acid metabolites that reflect the individual
bioavailability. Moreover, some of them have been recognized as
exposure markers of the key MD food groups to which, in turn,
the protective effects on health of the MD have been attributed to
(Supporting Information).[76]

Validation is important but has rarely been carried out in pre-
vious food metabolomics studies, likely because it is challeng-
ing in research on nutrimetabolomics and cognitive impairment
as there is an intrinsic and large heterogeneity across studies,
and profound intervariability arising from factors like gut micro-
biota and/or health status,[15,77] and the complexity of outcomes
based on long-term trajectories such as CD and different types
of dementia. For example, despite belonging to the same cohort
study, the features of our validation sample differed somewhat
from the discovery sample (e.g., participants were older, showed
a higher percentage of depression and ApoE-ɛ4 carriers, and had
more cardiovascular risk factors at baseline). This could explain
the weaker association we found in the Dijon (validation) sam-
ple compared to the discovery one, even though both sample sets
were positively related to a greaterMDMS, indicating a protective
effect.
Themajor strengths of our study are the population-based and

prospective design with repeated cognitive assessment over up to
12 years, a rigorous case-control sampling, and the application
of a powerful targeted metabolomics approach to serum sam-
ples collected at baseline, i.e., at an age prior to the appearance
of any dementia symptoms, which reduces the possibility of re-
verse causation. In addition, the use of two separate nested case–

control sample sets noticeably enhances the reliability of our find-
ings.
However, also several limitations warrant further discussion.

First, serum samples for metabolomics analysis were only avail-
able at baseline, and thus we could not examine prior exposures
or changes during the follow-up. An approach based on multi-
ple sampling would have been of great interest to investigate the
trajectory of CD. Moreover, although we adjusted the model by
several potential confounders including ApoE-ɛ4, residual con-
founding factors cannot be dismissed. Another limitation is that
the MDMS scoring system is based on sex-specific median val-
ues across metabolite concentrations of the studied populations.
Therefore, the score may not be related to a healthy level of con-
centrations per se. Although we evaluated the reproducibility of
the results in a separate nested case–control sample set, this
metabolomic score deserves to be validated also in other cohorts
and geographic areas, and its association with other chronic dis-
eases should be examined.
In summary, a greater adherence to theMDassessed by a novel

MDMSwas associated with a lower risk of CD in older adults dur-
ing a 12-year follow-up. The development of dietary metabolic
scores based on dietary patterns may help further refine dietary
assessmentmeasures andwill hopefully contribute to a better un-
derstanding of the biological mechanisms via which diet impacts
cognitive health in the aging population.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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