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Abstract

The CORDELIA Study (Collaborative Cohorts Reassembled Data to Study Mechanisms and Long-term Incidence of Chronic
Diseases) combines 35 Spanish population cohorts to investigate the clinical, environmental, genetic, and omics determi-
nants of cardiovascular disease in the Southern European population. It aims to conduct the largest genome-wide association
study to date on cardiovascular disease in this population, improve predictions of cardiovascular incidence using genomic
and clinical data, and identify subgroups that would benefit most from targeted pharmacological and lifestyle interven-
tions. CORDELIA includes 196,632 individuals (ages 18-84, 54% female, 96% born in Spain, 20% with higher education,
recruited from 1989 to 2020, with follow-up periods ranging from 5 to 30 years), with DNA samples available for 117,342
participants (60%). Of the participants, 24% were current smokers, 43% hypertensive, 11% diabetic, 15% medicated with
lipid-lowering drugs, 44% overweight, and 27% obese. If not already available, genotyping is being performed using the
Axiom™ Spain Biobank array (~ 750,000 variants, including 115,000 specific and 50,000 rare functional variants from
the Spanish population). The cohort also includes incident events (coronary heart disease, stroke, heart failure, peripheral
artery disease, hypertension, diabetes); date and cause of death; and harmonized data on risk factors (body mass index, waist
circumference, lipid profile, blood pressure, glucose, creatinine), lifestyle (smoking, physical activity, diet, alcohol), and
socioeconomic status. 99,019 participants (50%) also provide plasma samples. CORDELIA will significantly contribute to
understanding the complex interplay of risk factors contributing to cardiovascular disease and advance the fields of precision
medicine and public health in Southern European individuals.
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ARTPER PERipheral ARTery disease study DRECE Dieta y Riesgo de Enfermedad
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AWHS Aragén Workers’ Health Study Cardiovascular de Murcia
BARCOS Cohort de dones post-climatér- EMMA Estacié de Monitoritzacié de
iques de I’area de Barcelona Malalties Arteriosclerotiques
CARGENCORS CARdiovascular GENetic risk ENRICA Estudio sobre Nutricion y Rlesgo
score for Risk Stratification of CArdiovascular en Esparia
patients positive for SARS-CoV-2 EPIC European Prospective Investiga-
(COvid 19) virus tion into Cancer and Nutrition
CDC de Canarias Cardiovascular, Diabetes, Cdncer GCAT Genomes for Life
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Background

The incidence and mortality rates of atherosclerotic cardio-
vascular disease (ASCVD) are decreasing worldwide and also
in Europe, although the absolute number of cases continue
to increase due to the aging of population and it remains the
most relevant cause of morbidity and mortality [1]. ASCVD
risk can be decreased by a healthy lifestyle (not smoking,
a balanced diet, regular physical activity) and the available
pharmacological treatments for ASCVD risk factors. How-
ever, these approaches are often insufficient, and it is essential
to have a good understanding of all environmental, genetic,
and socioeconomic factors involved in the development of
ASCVD [2, 3]. These factors are locally divergent, which
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justifies the creation of large population cohorts in specific
regions in the world [4-6]. Very few large cohorts are availa-
ble in Southern European and Mediterranean populations [7].
In Spain, the recently launched IMPaCT Precision Medicine
initiative is the only cohort study of its kind, aiming to recruit
approximately 200,000 participants by 2028 and complete
a 10-year follow-up period by 2038 [8]. Southern European
populations are scarcely represented in genome-wide asso-
ciation studies (GWAS) in individuals of European ancestry
[9]. In addition, it remains unknown whether genetic variants
related to ASCVD can improve the prediction of the disease in
this population. European and American studies indicate that
around two-thirds of cardiovascular events occur in individu-
als classified as low or moderate risk by current predictive
models [10, 11], who therefore do not qualify for intensive
preventive strategies. Further research is needed to determine
if these genetic variants could also identify individuals who
would benefit most from specific lifestyle changes and phar-
macological interventions to prevent ASCVD [12].

The cordelia study: rationale and aims

In this context, the general aim of the CORDELIA Study
(Collaborative cOhorts Reassembled Data to study mEch-
anisms and Longterm Incidence of chronic diseAses) is
to investigate a comprehensive range of risk factors for
ASCVD, including environmental, socioeconomic, clinical,
genetic, and other omics data, using information from 35
existing Spanish cohorts. In particular, CORDELIA aims to
conduct the largest GWAS on ASCVD in the Southern Euro-
pean population to date, aiming to identify the genetic vari-
ants linked to the occurrence of ASCVD in these individu-
als. It also aims to create polygenic risk scores for ASCVD
adapted to the characteristics of the Spanish population,
and to assess whether their inclusion in predictive functions
improves their capacity to predict the 10-year incidence of
ASCVD. CORDELIA also aims to identify subgroups of
the population according to their genetic predisposition to
disease that would benefit the most from the available phar-
macological treatments and lifestyle modifications. All the
previous results will be stratified by sex, highlighting the
relevance of sex-specific differences in ASCVD, which can
lead to more precise and effective prevention strategies.

Methods
Study population
The CORDELIA Study includes 196,632 individuals, aged

18 to 84 years, recruited in Spain from 1989 to 2020, who
gave their informed consent in their respective cohorts, and
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a completed follow-up on cardiovascular events between 5
and 30 years. DNA samples are available in 117,342 of the
participants (60%). Serum or plasma samples are available
in 99,019 of the participants (50%). The general character-
istics of the 35 cohorts included in the CORDELIA Study
are available in Table 1.

Genotype data

Genotype information for five participating cohorts has
already been provided. Specifically, AWHS, Control-MCC-
Spain, and HORTEGA cohorts have utilized the Infinium™
Global Screening Array-24 BeadChip platform, with their
genotypes aligned to the GRCh38/hg38 reference genome
and imputed using the TOPMed imputation panel with an r2
quality metric. Additionally, the NEFRONA and CARGEN-
CORS cohorts have employed the Axiom™ Spain Biobank
Array-1, with their genotypes referenced to the GRCh37/
hg37 genome and imputed using the TOPMed imputation
panel with an r3 quality metric.

For the rest of the cohorts, obtaining genotype informa-
tion is underway. DNA extraction in the CORDELIA study
samples was performed using a liquid-liquid method with
the FlexiGene DNA Kit reagent from QIAGEN (QIAGEN,
Valencia, California, USA). The performance of the extrac-
tion, and the quality of the obtained DNA samples were
assessed using an Infinite M200 spectrophotometer (Tecan
Group Ltd., Méannedorf, Switzerland). DNA was quantified
with the NanoQuant absorbance method. DNA integrity
was also evaluated using 1% agarose gels and quantified
by Picogreen (fluorescence) prior to genotyping. During
the genotyping process, the samples were quantified with
spectrophotometry to verify appropriate amplification. The
fragmentation step was monitored with 4% agarose gels.
RECCYL was the only cohort that provided isolated DNA
samples with verified quality control (performed in the DNA
National Bank, University of Salamanca, Salamanca, Spain).

DNA samples are being genotyped at the Fundacién
Publica Galega de Medicina Xenomica (Santiago de Com-
postela, Spain), using the Axiom™ Spain Biobank Array-2
(ThermoFisher Scientific, Cornella de Llobregat, Spain)
[45]. This array contains 757,836 variants selected to pro-
vide functional genomic coverage, including 114,898 specific
variants and 50,536 rare functional variants from the Spanish
population. Total genomic DNA (200 ng) is amplified and
fragmented to 25-125 base pair oligomers. These fragments
are purified and transferred to the GeneTitan Multichannel
Instrument for automated hybridization, staining, washing,
and scanning. Genotyping calling and clustering is performed
with the software Axiom Analysis Suite v5.3.0.45.

Regarding quality control: (1) probes showing genotyp-
ing problems (e.g., poor cluster separation) are not included,;
(2) markers with minor allele frequency < 1%, genotyping

rate <98%, and deviating from Hardy—Weinberg equilibrium
(p-value < 107 with a mid-p adjustment) are removed [46];
and (3) samples with <98% genotyping rate and a heterozy-
gosity rate that deviates more than 5 standard deviations from
the mean heterozygosity rate of the study are also excluded. A
subgroup of > 100,000 independent autosomal SNPs (minor
allele frequency >5% excluding regions with high linkage
disequilibrium [47], pruned with a window size of 1000 mark-
ers, step size of 80, and r? of 0.1) will be used to detect kinship
(by identity-by-descendent estimation, removing individuals
at first and second degree of kinship) and population stratifica-
tion. After removing related individuals and outliers, the first
10 ancestry-informative genetic principal components will be
calculated, to be used as covariates in the association analy-
ses. Unrelated individuals will be analyzed in the Admixture
software to assess their ancestry using independent markers
overlapping the 1000 Genomes Project superpopulations [48,
49]. Individuals will be assigned to a specific ancestry if their
probability of being part of that group is >80%. Otherwise,
they will be classified as “mixed” individuals. Finally, after
quality control, imputation of genetic variants will be per-
formed using the TOPMed 13 reference panel (GRCh38) [50].
The post-imputation filtering applied will be an INFO score
>0.8 and minor allele frequency > 1%.

Study variables: harmonization
Administrative variables

The components cohorts’ questionnaires were based on
standardized surveys by the World Health Organization [51].
The following basic administrative variables are available
for all cohorts: center code (a consecutive number starting
at 01 for each cohort), cohort name (the acronym recognized
and published by the cohort investigators), participant num-
ber (pseudonymized identifiers used by the cohorts), date of
inclusion (the date each participant signed the informed con-
sent and was first examined), date/year of birth, age at inclu-
sion (self-reported or calculated as the difference between
date of birth and inclusion), and sex (female or male pheno-
type, collected by the cohort personnel). Some cohorts also
collected information on country of origin (self-reported),
civil status (harmonized to single, married/with a partner,
divorced/separated, widow, or not available), and city/town/
village of residence.

Clinical outcomes

Regarding the clinical outcomes of the study, there is a
diagnosis recorded in a medical record or a medical report
indicating that the participant has developed the condi-
tion plus the diagnosis date. The cardiometabolic events
identified in the follow-up of the cohorts participating in

@ Springer



A.Hernéez et al.

Xas “a3® ‘Q0UIPISAI :SIA)SNO

(ADYIA) erompy
9P IB[NOSBAOIPIE)) 03SATY

[+2] uryyim wopuer oSels-nnjy  paseq-uone[ndog 19 €661-7661 - - 680°¢ BIOINJA Op 910308, 9p BISANOUF
elreAeN-DIdd
1€0°S 908°L  €S6°L BIIBABN ‘eINA-DIJH ‘eoyzndin
. . . -D1dd ‘epeuein-DIdd
Sv1'8 0c6'L  SISS BIOIMN :(OId9) UonLINN pue
00¢°8 00€'8 LIV Anunod onbsed  1o5uery ojur uonesnsaAu]

[ezl s1oayunjos Ayiesy  paseq-uonerndod 88 9661-C661 6L8°9 8¥v'9  98°L eisnjepuy aanoadsorq ueadomy
(VORINE)
‘Krediorunu oour Ie[NOSBAOIPIY) 03SoIy

[ca] -ao1d 1193805 o8e)s-0a1y], paseq-uonendod IS 0102-800T - - 8I0€T uredg £ uorornny 21qos oIpnsg
(FOFYQ) eurdsy
UQ JB[NOSEAOIpIE)) PEP

[12] Xas ‘o3e 119)sn[0 93eIs-om], poseq-uonendod 96 1661 - - Sotc uredg  -owIoyuy 9p 03sany A vIRIg
(sdva
-H¥dd) pnies 9p eLrewlig
sjuoned Jo uorsnjour UoIOUAYY U $330qeIqHd

[oz] JATINDASUOD ‘PoYOR[AsU() paseq-uone[ndod oL 2102 1843 v 220C ured§  u09 sajuoroed op uorON[OAT
(VIavzId) uredg
urayinos woiy uonendod

l61] wopuey  peseq-uonedod SL TI10T-L00T 000°C (444 680C eISnEpuy e ul ey pue Joip jo Apmg
(ST'1Lad®@1a) uon
-e[n3a1 9soon[S pairedur

[81] UMO] :10JSN[D) "WOpUEY  paseq-uone[ndoq 9¢ 010T-L00C - L89Y  6IF'S ureds pue s9)oqeIp JO adus[eAald
(JOJIINVIN'TVS)
uoze109 [9p seidojored
Q0U9dpISAI Se[ op ourjuewes 03130[0

[LT] xos ‘a3 :1aysn[o oFess-vary], paseq-uone[ndoq 86 810T—SI0C €66°1 €66°1 €66°1 uooT A epruse) -twroprda-oo1uy[d Orprsy
SIO9JUN[OA JO UOTSO[OUT (SHMV) £pis

(911 SATINIDSUOD “PaIIS[AsU[) SIONIOM 06 010¢-600¢ 0L9°S 0L9°S  0L9S uogery [I[edH SIONIOM UoSery
(SODYVY) euORIIRY
op eaIe,[ 9p senbrIieWI[O

(STl pajodpesu()  paseq-uonendod 001 0I0T-6861 ELY ELY ELY BluoreIe) -1s0d souop op 11040
(OSTIDV) renoseaotp

[#1] wopuey paseq-uonendod 09 L10C=S10C 8CL 8CL evL BIUO[LIE)  -IBO OFSOLI [Op OpeqL-0INY
(F0o21DaW)

[eT] Xas ‘0e 101D deis-om], peseq-uonendod CL 810C—S661 086°01 08601  CTE9°'TT Eluoreje 10D [0 UOIID) 2MSITY

JIqe[reA. ewIse]d 9[qe[IeAR YN [e101,
(%) orex
SQOUAIJY ampaooid Surdureg Suridwreg  osuodsay — paynIooy az1s oidureg uoI3oy 11040D)

(s1eak ,8—81 pade uonendod) ApmS VI THAIOD Y3 Ul papn[oul s}104od 3y} JO SONSLIAORIRYD | 3d|qeL

pringer

AQs



Cohort profile: the CORDELIA study (Collaborative cOhorts Reassembled Data to study mEchanisms...

(TADOHY) u9aT £
(Ayreana ‘uor3er) urjdwres B[[1}SE)) UD JB[NOSBAOIPIR))

[Lg]  wopuer poynens oFeis-om], paseq-uonendod L8 00T 19L°€ 19L°¢€ 19L°¢€ uoa K e[use) pepawLIBJuy dp 035y
X3S pue (VNVATLY) BlieABN U

[o¢] a3e Aq paynens :wopuey paseq-uonendod YL S00T—¥00C Y9Iy 068 Y9IV PIIRABN  TR[NOSEA 0SSORY op oIpmisg
uorgar (£6 VIIVAVN) eireaeN

[cg] “xos ‘oFe :1oysno o8e)s-0a1y], poseq-uone[ndod I8 €661 - - 08%1 BIIRABN U9 Je[NOSeAOIpIe)) 05Sary
(VDHALIOH)
uredg woiy uonendod
[eI0Ua3 © UT SASBASIP
STUOIYO JAYI0 puUe JI[0q
X3S pue -BJOWOIPILd JO SI0JOR] YSLI

[v€l a3e Aq peynens ‘wopuey paseq-uonendod 29 000C—6661 - SLY'T SLY'T uooT A g[[Nse)  [EUONIPEN-UOU JO UOTIEN[EAT
(XAWIEH)
BINPRWANXH-SILIUNO))
X9s pue UBQUEBIIOIPIIA UT YSTY

[g€] a3e Aq pognens ‘wopuey paseq-uonendoq I8 6002—L00T - - €€8C RINPBWAINXF Jjo suonenbyg Surziuowrrey
uorga1 (sewreue)) ap DY) IPoue)

[zel ‘PUE[SI :101SN[d 9FeIS-0M], paseq-uonendod 0L $00¢-000¢ 9€0°L 180°L  09I°L spue[s] Areue) ‘$910QeI(J “TR[NISLAOIPIRD)
oge (SYTINLSY) seunsy

[1€] ‘uor3ar :1o3sno oSes-oM], paseq-uone[ndog 9 66618661 €T €T ¥€0°1 SeLIM)Sy U9 sojeqerpaxd £ sajeqerq
(SVAYHTI) SeInoo safeuar
K SOIB[NOSEA SOPEPIWLIJUD
REINIER] 21qos 0Andadsoid Teurpnyid

[og] ared Arewrtid ‘o8e :xa)sn[)  peseq-uonendod €8 810C—SI10¢ €01°9 6TCT°L  0£€'8 BIUO[EIET)  -UOJ UQIDULAISIUT Op OIpmisy
(VNOIJAN)
A3ojorydaN ur SISOI9[0S0Id

[62] oSers aseasip Aoupry :1Isn[)  paseq-[endsoy 06 C10C-600C 000°¢ 000°¢  Y00°€ uredg  -y1y Jo KI0JeAIdSQQ) [eUONEN
I9)US0 218D (JAdLAY) Apms

[87] Arewrid :s1oysnpo ur wopuey paseq-uonendod 001 8002-900¢ - 608°1 9¢L’E eruofele)  oseastp ALYV [eroydrydd
(VIIAE) sonbn
-QIQ[OSOLIDNIY SAN[E[BIA 9P

[L2] wopuey paseq-uonendoq 001 200T-L661 - - GLI'SE BIuoree OIBZJLIONUOIN Op OIo'ISH
(d1vS¥400)

[oz]  uorSor :siosnyo ur wopuey paseq-uonendod 76 0007-6661 - - G891 spue[s] oLreseqg  sIedfeq SO[I] SO € VS YOD

uorgarx
pue ‘x3s ‘a3e Aq sosed

130Ued 0) paydrew Aouanb (uredg
-01J ‘S[OXUOD PAJIIIS -DDIN-[onuo)) uredg

[sz]  Awopuer paseq-uonendog paseq-uonendod €6 €10T—800C - €78°C  LLOY uredg -kpmg [01U0)-asENMA

J[qe[reae ewsed 9[qe[reae YNJ [eloL,
(3) e
SQOUAIJIY ampaooid Surdureg Suridwreg  osuodsoy  payniooy az1s opdureg uoIsoy J1040D)

(ponunuoo) | sjqey

pringer

As



A.Hernéez et al.

18 0206861 610°66 TYELIT TE€9'961 $310400 IV

(01¥VOID
OPI[OL 9p BIIEJIUES BAIY
[9p [e10uad3 uoroe[qod ©[ U9

EOMWGH pue p'eN SQIBINISBAOIPIBD SOJUIAD
[pp] ‘oS £q poynens :wopuey paseq-uonendod 7€ 0T0T-110C - SL6'T  SL6'T BUOURIN BT RNSED A JR[nOseAOIpY VD) 0SSO
SI0UOp poo[q
[ep]  pue s1aunjoa ‘pajdajesup)  paseq-uonendod VN LI0T10T €816l €81°61  L8I°61 eluofeie)  (LVOD) 91T 10§ SOWOUID
(S90D

-NADYVD) snia (61
P1AQD) T-ACD-SYVS 10}

J3ewn aanisod sjuaned jo uoned
61-ATAQD 91ed Areurtid -yneng sy JI0J 9109S JSLI

[cy] pue [endsoy :oAnNoasu0)  paseq-uone[ndoq 08 020T - SLS'T  8€87T eIuoreie) ONONHD TB[NOSBAOIPY VD
(peysng

-SALAd®IQ) Anuno)
anbseq o jo uonendod
J[npe dY) Ul WSI[oqeow

I9JUdD AIBD 9soon[3 parredwr pue smiy

[1#]  Arewnd :193snjo ur wopuey poseq-uonendod 89 7107-010T - 19S 195 Anuno) onbseg  -[ow S9JoqRIP JO 90US[EAIJ
(S1DAV)
pooyroqy3rou ApmS uonewwRguy

(0]  “xes ‘oBe :1elsnyd ut wopuey  paseq-uone[ndog 89 S10T—CI0C - SIET  98%'1 BIDI[ED pue uoneoA[D epensy v

(NVOIYda4dI) reuas
K IB[NOSBAOIPIED OFSALI Op

SI9JUd a1ed Arewrid e[ouedsa ugroejqod e[ op

l6€] UL GATINDBSUOO “PAjoR[asu[)  paseq-uone[ndod L8 8I0T—¥10T - 8000  S€0°8 ureds  uoroeoynuopr e ered orpnisy
(191u90 ared Arewnid ‘snjess (OYANIAAYd) Te[nosea
OTWOU0990100s) urjduwres -o1pIe)) 03Sary A s

[g8c] wopuel paynens 93eis-om], paseq-uonendog 96 00T 000°C 6F9  897‘C UOI39Y snowouony pLIpRIA s91oqeI(] 9p eroud[eAgdd

JIqe[ieAR BWSE[d d[qe[IeAR YN eioL,
(3) e
SQOUAIJIY ampaooid Surdureg Suridwreg  osuodsoy  payniooy az1s opdureg uoIsoy J1040D)

(ponunuoo) | sjqey

pringer

AQs



Cohort profile: the CORDELIA study (Collaborative cOhorts Reassembled Data to study mEchanisms...

the meta-cohort include: fatal and non-fatal acute myo-
cardial infarction, exertional or unstable angina, fatal and
non-fatal stroke, heart failure, peripheral artery disease,
chronic kidney disease, diabetes and hypertension in
initially non-diabetic or non-hypertensive participants.
The definition of these non-fatal events in the follow-
up is performed by clinical committees of the individual
cohorts (following the criteria agreed by the Committee
for the Harmonization of Outcomes and Variables of the
CORDELIA Study). The following International Clas-
sification of Diseases (ICD) codes are being considered:
coronary heart disease (ICD-9: 410-414; ICD-10: 120-
125); cerebrovascular disease (ICD-9: 430-437.0; ICD-
10: 160-164); heart failure (ICD-9: 402, 404, 428; ICD-
10: 111, 113.0, 113.2, 150), and peripheral artery disease
(ICD-9: 440.2; ICD-10: 170.2, 170.3, 170.92, 173.9, E10.5,
E11.5). Incident cases of hypertension and type-2 diabe-
tes are also being collected. The CORDELIA infrastruc-
ture enables researchers to propose the future collection
of data on additional fatal and non-fatal chronic condi-
tions. Fatal events, as well as the primary cause of death
for deceased participants, are verified against the official
databases of the Spanish National Institute of Statistics’
Mortality Registry and the Spanish hospital discharges
dataset (“Conjunto Minimo Bdsico de Datos”). The most
recent vital status (alive, dead, or unknown) of all cohort
participants is available.

The previous history of cardiovascular morbidities of
the study participants is also available. Following the
standard questionnaires set by the World Health Organi-
zation, participants were asked whether their doctors had
informed them that they suffered from any of the fol-
lowing: heart attack/myocardial infarction, stroke/brain
hemorrhage/brain embolism/thrombosis, angina pectoris,
arterial hypertension/high blood pressure, hypercholes-
terolemia/high blood cholesterol levels, or diabetes. They
were also queried about any doctor-prescribed drug treat-
ments they were taking to manage blood pressure, diabe-
tes, or cholesterol.

Given that the definitions of hypertension and diabetes
have varied since 1989 (the recruitment year in the old-
est cohort), we developed a harmonized algorithm for
history of hypertension and diabetes at baseline in all
the participating cohorts based on the history of mor-
bidities reported by the participants, some clinical exami-
nations (blood pressure, fasting glucose; see following
paragraph), and drug use information (see Supplemental
Tables 1 and 2, respectively). By doing so, we maximize
the number of participants with valid information on
their history of hypertension and diabetes as a covariate
for subsequent analyses and ensure these outcomes are
defined according to current clinical guidelines.

Clinical measurements and laboratory determinations

The clinical examinations at the baseline visit include meas-
urements of weight (kg), height (cm), body mass index
(BMI, kg/mz), waist circumference (cm), heart rate (beats/
minute, a single measurement or the average of 2-3 meas-
urements), systolic blood pressure (SBP, mmHg; one or two
readings, retaining the lowest), and diastolic blood pressure
(DBP, mmHg; one or two readings, retaining the lowest).
Participants were categorized according to their BMI val-
ues as underweight (< 18.5 kg/m?), normal weight (18.5
to <25.0 kg/m?), overweight (25.0 to < 30.0 kg/m?), obese
(30.0 to <40.0 kg/mz), and morbidly obese (> 40 kg/mz).
Abdominal obesity was defined as a waist circumference of
>89 cm (female) and > 103 cm (male).

Laboratory variables were measured in blood samples
taken after an overnight fast, performed in reference labora-
tories on fresh plasma/serum aliquots stored at —80°C until
use, in samples not previously thawed. Triglycerides, glu-
cose, total cholesterol, and high-density lipoprotein (HDL)
cholesterol were measured using enzymatic methods, and
creatinine using the Jaffe method. All local laboratories met
external quality control standards [13, 26, 28, 32, 33, 36,
52-55]. Lipid profile and glucose measurements in 8 of the
cohorts (ARTPER, CDC, CORSAIB, HERMEX, PREDI-
MERC, RECCYL, REGICOR, RIVANA) were validated for
concordance with a central laboratory [56]. The values for
triglycerides, glucose, creatinine, total cholesterol, and HDL
cholesterol are expressed in mg/dL. Low-density lipoprotein
(LDL) cholesterol was calculated using the Friedewald for-
mula (LDL cholesterol =total cholesterol — HDL cholesterol
— triglycerides/5) when triglycerides were <300 mg/dL or
otherwise directly determined. When lipid profile and glu-
cose values were originally in mmol/L, they were converted
to mg/dL by multiplying by 88.57 for triglycerides, 18.016
for glucose, and 38.67 for total, HDL, and LDL cholesterol.
When creatinine was provided in umol/L, it was converted
to mg/dL by multiplying by 0.0113. The estimated glomeru-
lar filtration rate for participants with creatinine values (in
mL/min/1.73 m?) was calculated using the Chronic Kidney
Disease Epidemiology Collaboration formula [57]. After
harmonization, we defined the following valid data ranges
for continuous cardiovascular risk factors: 15-50 kg/m? for
BMI, 60-150 cm for waist circumference, 40250 mmHg
for SBP, 20-130 mmHg for DBP, 30-1000 mg/dL for tri-
glycerides, 30-350 mg/dL for glucose, 100-450 mg/dL for
total cholesterol, 20—130 mg/dL for HDL cholesterol, and
0.2-5.0 mg/dL for creatinine.

Socioeconomic and lifestyle variables

Data on these variables was available from the baseline
visit of each cohort. Information on educational attainment
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Table 2 Population characteristics of the CORDELIA aggregated cohorts

All participants ~ Female (n=105,513) Male (n=91,119) Valid data (n, %)
(n=196,632)
Age, years (mean + SD) 52.5+13.2 52.2+133 52.8 £13.1 196,632 (100.0)
Female sex (n, %) 105,513 (53.7%) 105,513 (100%) 0 (0.00%) 196,632 (100.0)
Born in Spain (n, %) 77,291 (95.5%) 42,416 (95.0%) 34,875 (96.1%) 80,825 (41.1)
Civil status: 102,474 (52.1)
Single (n, %) 13,653 (13.3%) 7,623 (12.9%) 6,029 (13.8%)
Married/partnered (n, %) 78,133 (76.2%) 43,197 (73.4%) 34,936 (80.1%)
Divorced/separated (n, %) 5,600 (5.46%) 3,728 (6.33%) 1,872 (4.29%)

Widow (n, %)

Educational attainment:
None/functionally literate (n, %)
Elementary/primary school (r, %)
High/secondary school (n, %)
University studies (n, %)

5,088 (4.97%)

20,788 (15.8%)
47311 (36.1%)
37,392 (28.5%)
25,695 (19.6%)

4,326 (7.35%) 762 (1.75%)

131,186 (66.7)
13,865 (18.8%)
26,824 (36.3%)
19,402 (26.3%)

13,755 (18.6%)

6,923 (12.1%)

20,487 (35.7%)
17,990 (31.4%)
11,940 (20.8%)

Tobacco use: 193,457 (98.4)
Never smoker (n, %) 101,078 (52.2%) 68,902 (66.4%) 32,176 (35.9%)

Current smoker/ex-smoker for < 1 year (n, %) 47,285 (24.4%) 19,588 (18.9%) 27,697 (30.9%)

Ex-smoker for > 1 year (n, %) 45,094 (23.3%) 15,242 (14.7%) 29,852 (33.3%)

Participants with hypertension (1, %) 84,085 (42.8%) 40,347 (38.3%) 43,738 (48.0%) 196,518 (99.9)
Systolic blood pressure (minimum), mmHg (mean +SD) 129 +19.6 126 +20.4 132 £18.0 164,895 (83.9)
Diastolic blood pressure (minimum), mmHg (mean + SD) 77.8 £10.5 76.1 £10.4 79.7 £10.3 164,895 (83.9)
Heart rate, beats/min (mean + SD) 71.1 £12.0 725 +11.9 69.6 +12.1 96,342 (49.0)
Participants with diabetes (1, %) 21,644 (11.0%) 9,654 (9.18%) 11,990 (13.2%) 196,040 (99.7)
Glucose, mg/dL (mean +SD) 99.2 +27.3 959 +244 103 £29.7 138,870 (70.6)
Total cholesterol, mg/dL (mean + SD) 210 +41.3 212 +41.2 207 £41.2 155,414 (79.0)
HDL cholesterol, mg/dL (mean + SD) 547 +14.6 59.6 £14.7 495 +12.6 147,016 (74.8)
Participants medicated with cholesterol-lowering drugs (n, %) 21,919 (15.5%) 10,600 (14.4%) 11,319 (16.5%) 141,869 (72.1)

Triglycerides, mg/dL (median [1 st-3rd quartile])
Body mass index, kg/m2 (median [1 st-3rd quartile])
Categories for body mass index:

< 18.5 kg/m? (n, %)

18.5-24.9 kg/m? (n, %)

25.0-29.9 kg/m? (n, %)

30.0-39.9 kg/m? (n, %)

> 40.0 kg/m? (n, %)

98.3 [72.0-139]
27.3 [24.6-30.4]

1,093 (0.56%)
54,794 (28.3%)
84,920 (43.8%)
50,268 (25.9%)
2,761 (1.42%)

89.5 [66.0-124]
26.9 [23.8-30.5]

110 [80.0-155]
27.7[25.3-30.2]

148,351 (75.4)
193,836 (98.6)
193,836 (98.6)
831 (0.80%)
35,179 (33.9%)
38,686 (37.3%)
27,075 (26.1%)
2,044 (1.97%)

262 (0.29%)
19,615 (21.8%)
46,234 (51.4%)
23,193 (25.8%)
717 (0.80%)

Waist circumference, cm (mean + SD) 96.1 £23.5 91.5 £22.5 102 £23.5 140,541 (71.5)
Participants with abdominal obesity (n, %) 76,433 (54.4%) 36,413 (48.0%) 40,020 (61.9%) 140,541 (71.5)
Creatinine, mg/dL (mean +SD) 0.87 £0.30 0.76 +£0.25 0.98 +£0.32 91,282 (46.4)
Glomerular filtration rate, mL/min/1.73 m® (mean + SD) 90.8 +18.2 91.3 +18.3 90.3 +18.1 91,282 (46.4)

has been harmonized into the following categories: none/
functionally literate (illiterate, no studies, or only can read
and write), elementary/primary school (compulsory basic
education), high/secondary school (including “Bachillerato
Unificado Polivalente”, “Curso de Orientacion Univer-
sitaria”, vocational training, “Bachillerato”, and univer-
sity access courses), university studies, and not available.
Age at completion of last studies is also available for some
cohorts. Smoking status has been harmonized as follows:
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current smoker/ex-smoker of less than one year (anyone
who smoked > 1 cigarette/day was considered a smoker),
ex-smoker of one year or more, never smoker, not avail-
able. Additionally, some cohorts provided details on the
number of cigarettes per day participants currently smoke
or smoked in the past (for smokers and ex-smokers), the age
at which participants began smoking (for smokers and ex-
smokers), and the age at which ex-smokers quitted smoking.
Leisure-time physical activity estimates for the participants



Cohort profile: the CORDELIA study (Collaborative cOhorts Reassembled Data to study mEchanisms...

were harmonized to average kcal/day whenever possible.
When data were reported in metabolic equivalents of task
per minute per day, these values were converted to kcal/
day by multiplying those values by the participant’s weight
in kilograms. Dietary data, whenever possible, were used
to construct a Mediterranean diet adherence score, ranging
from 1 to 14, with higher scores indicating greater adher-
ence. The diet score positively rated the intake of virgin
olive oil, fruits, vegetables, “sofrito” (sauce or base made
from sautéed vegetables such as tomatoes, onions, garlic,
and peppers), legumes, mixed nuts, fish, poultry, and moder-
ate doses of wine; and it negatively rated the intake of red
and processed meats, butter/cream, sugar-sweetened bever-
ages, and non-homemade sweets/pastries [58].

Additional details on the collected variables (whether
tobacco use, weight, height, physical activity, and diet infor-
mation was collected by trained personnel or self-reported;
technical details regarding biological samples; and the
detailed methodology and equipment used to measure blood
pressure and laboratory determinations) is available in Sup-
plemental Table 3.

All cohorts’ data have been harmonized and integrated
into a single, curated database hosted at the Hospital del
Mar Research Institute in Barcelona. Whenever between-
cohort heterogeneity is substantial, phenotype data analyses
will be conducted in the pooled CORDELIA database using
mixed-effects models (considering the cohort as a random
effect variable), and genotype analyses will employ a meta-
analysis framework. According to the consortium’s by-laws,
CORDELIA investigators will access the integrated dataset
until the end of 2026. Thereafter, any researcher may request
access by submitting a standardized application form avail-
able at www.cordeliaproject.net; each request will undergo
scientific and ethical review to ensure proper handling of
participant data.

GWAS sample size

Accepting an alpha risk of 5x 107 (the standard genome-
wide significance threshold), a statistical power of 80% in
a two-sided test, and a 10-year incidence rate of coronary
events of 3.7% in the group of participants not exposed to
the risk allele, 117,342 individuals allow the identification of
the following relative risks depending on the risk allele fre-
quency (AF): >1.84 (AF 1%), >1.38 (AF 5%), > 1.28 (AF
10%), >1.24 (AF 15%), > 1.21 (AF 20%), > 1.20 (AF 25%),
>1.19 (AF 30%), > 1.18 (AF 40%), and >1.17 (AF 50%).
In the sex-stratified analyses (54% of the participants are
female), under the same assumptions, our population allows
the identification of the following relative risks: >2.15 (AF
1%), > 1.52 (AF 5%), > 1.38 (AF 10%), >1.32 (AF 15%),
>1.29 (AF 20%), > 1.27 (AF 25%), > 1.26 (AF 30%), >1.24
(AF 40%), and > 1.24 (AF 50%).

Results
Characteristics of the study population

As described in Table 2, participants in the CORDELIA
study were, on average, 52 years old, with female partici-
pants comprising 54% of the group. According to cohorts
that provided this information, the majority were born in
Spain (96%). 20% had attained a university degree. Smoking
status showed that 52% had never smoked, and 24% were
current smokers. Cardiovascular and metabolic conditions
were prevalent, with 43% having hypertension, 11% diag-
nosed with diabetes, and 15% taking cholesterol-lowering
drugs. The average triglyceride level was 98 mg/dL. The
percentages of participants who were overweight, obese,
and morbidly obese were 44%, 26%, and 1.4%, respectively.
Abdominal obesity was present in 54% of the participants.
The mean participants’ estimated glomerular filtration rate
was 90.8 mL/min/1.73 m?. A description of the variables
in each of the CORDELIA cohorts is available in Table 3.
The proportion of participants with valid data for the study
variables in each of the individual cohorts is described in
Supplemental Table 4.

Discussion
Findings to date

This cohort profile is the first joint publication of the CORD-
ELIA Study. However, as evidenced by several high-impact
publications, its participating cohorts have substantially
contributed to the epidemiological understanding of vari-
ous health outcomes, including acute myocardial infarction
[59, 60], stroke [61], peripheral artery disease [62], subclini-
cal atherosclerosis [63], cancer [64—67], neurodegenerative
disease [68, 69], diabetes [18], obesity [70, 71], disability
[72], sleep-related diseases [73], and COVID-19 [42, 74].

Strengths and limitations

The CORDELIA Study has several strengths. It is, to date,
the largest meta-cohort on cardiovascular disease of South
European population with almost 200,000 participants,
maximizing the statistical power of the individual cohorts.
To our knowledge, it is also one of the largest meta-cohorts
combining a comprehensive set of clinical, socioeconomic,
and lifestyle variables, DNA samples (available in 117,342
participants, 60%) and serum/plasma samples (available in
99,019 participants, 50%) in European population. CORD-
ELIA represents an exhaustively defined population, aiming
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to be representative of the Spanish adult population thus
improving the generalizability of our findings to Southern
European adult populations (genetic ancestry, lifestyle, and
clinical variables are expected to be comparable across
cohorts). It will also conduct the largest GWAS on ASCVD
in Southern European population. Due to its unique char-
acteristics, it can assess the association of certain rare vari-
ants that are specific to Spanish or South European popula-
tion with the occurrence of ASCVD. It will also investigate
whether a polygenic risk score can improve the current pre-
dictive functions for the 10-year incidence of ASCVD in this
same population. Genetic characteristics vary according to
ethnicity and location; therefore, it is plausible that calculat-
ing a polygenic risk score that considers “local” genetic vari-
ants improves risk prediction. Additionally, it will explore
whether there are relevant interactions between genetic and
lifestyle information on the development of ASCVD that
are specific to Southern European population. It is plausi-
ble that some interactions are only evident if both the local
genetic background and a local environmental exposure are
considered together (e.g., Southern European populations
have greater adherence to a Mediterranean diet than other
regions of the world).

Howeyver, it also has limitations. First, inter-cohort data
may be heterogeneous, as the cohorts may have used dif-
ferent methods for recruitment, phenotype definition and
data collection, which was also performed at distinct times
(between 1989 and 2020). To minimize this bias, the Data
Management team, in collaboration with the Committee for
the Harmonization of Outcomes and Variables of the CORD-
ELIA Study, has performed exhaustive harmonization of the
available data (to the lowest common denominator for cat-
egorical variables) and the statistical analyses will undergo
central validation and be adapted to the nature of the data
(whenever possible, mixed models that consider the cohort
as a random effect will be used). Regarding genotype het-
erogeneity and population stratification, these issues will be
minimized by analyzing participants’ relatedness and adjust-
ing for genetic principal components. If significant genotype
heterogeneity among cohorts is detected, individual GWAS
analyses in each participating cohort may be performed and
subsequently meta-analyzed [75]. Second, while imputation
allows obtaining results for a very high number of genetic
variants (about 9-10 million), the number of directly geno-
typed variants will be about 750,000. To minimize potential
biases, imputation will be performed using the comprehen-
sive TOPMed r3 (GRCh38) reference panel and a stringent
post-imputation filtering (INFO score >0.8 and a minor
allele frequency > 1%). Third, our data may not be fully
representative of the Spanish population due to different
designs for population selection (two/three-stage clusters,
random, and non-random selections of population-based,
hospital-based, and worker studies), the characteristics of

the participants in the individual cohorts (some focused
on healthy individuals, while others included populations
with various pathologies; additionally, each cohort recruited
individuals of diverse age ranges) and a recruitment over a
period of almost 30 years. The large number of participants
included in the meta-cohort may help mitigate these differ-
ences, but an exhaustive description of the study population
must be provided in each publication derived from our data.
Fourth, the follow-up times and the diverse age ranges in the
participating cohorts may decrease the capacity of cohorts
with shorter follow-ups or younger participants to detect out-
comes. To minimize this limitation, all cohorts will conduct
a follow-up update of fatal and non-fatal events during 2024,
allowing for more homogeneous tracking of the participants
across studies. Fifth, anthropometric, lifestyle, and socioeco-
nomic variables in certain cohorts are self-reported, which
may increase measurement error. Sixth, although the sample
size in such a study in Southern European population is the
largest to date, the statistical power to detect associations
between rare genetic variants (those with an AF of <1%)
and the outcomes of interest may be limited. Seventh, since
CORDELIA leverages existing data and biological sam-
ples from 35 cohorts, genotype data will be available for
at most 60% of participants, and biological samples will be
available for 50%. Biological samples cannot be obtained
from cohorts that do not already have stored DNA or serum/
plasma samples. Eighth, the definitions of hypertension
and diabetes across the cohorts may vary, as they might be
based on self-reported information, individual-level meas-
urements, and treatment information. This variation could
introduce heterogeneity and bias in assessing these condi-
tions across cohorts. To minimize this limitation, we have
developed a harmonized algorithm to maximize the number
of participants with available information on their history of
hypertension and diabetes (available in 99.9% and 99.7% of
the participants, respectively). Finally, while our conclusions
could be generalized to Southern European adults with simi-
lar characteristics, they may not be extended to populations
of other genetic ancestry or different regions.

Conclusions

The CORDELIA Study marks a significant advancement
as the largest cohort for the study of cardiovascular disease
within South European adult population to date. CORDE-
LIA also establishes the foundation for the most extensive
GWAS on ASCVD in Southern Europe using a well-charac-
terized population with long follow-up. This infrastructure
will also support future projects targeting other diseases.
CORDELIA aims to enhance the representation of South-
ern Europeans in genomic studies and to develop tailored
polygenic risk scores that refine ASCVD prediction and
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potentially improve targeted prevention strategies. By inte-
grating comprehensive clinical, environmental, genetic, and
socioeconomic data, CORDELIA exemplifies how large-
scale collaborative research can advance precision medicine.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10654-025-01229-6.
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