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Abstract
Introduction: Biological rather than chronological age 
(C-age) drives deviation from healthy aging. This study aimed 
to identify a plasma metabolomic signature indicative of age- 
related cardiovascular risk (pMTB-age) predicting vascular 
morbidity and mortality. Methods: Nuclear magnetic reso
nance identified 38 plasma metabolites in two population 
cohorts: the Flemish cohort examined as discovery (N = 719 

[2005–2010]) and internal replication cohort (N = 580/719 
[2009–2013]) and the external replication Spanish Hortega 
cohort (N = 811 [2001]). Results: The trained model (pMTB- 
age), relating C-age to the plasma metabolome derived by 
elastic net regression, included 18 metabolites (six amino 
acids) and explained from 28.6% to 22.9% of C-age in the 
discovery and replication data. Feature importance of the 
retained metabolites derived by SHapley Additive 
exPlanation showed large interindividual variability in the 
relation between C-age and pMTB-age. In Flemish and 
Spanish, cardiovascular risk factors were significantly 
associated with C-age, pMTB-age, and pMTB-age 
uncorrelated from C-age (pMTB-age-R). In Flemish (median 
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follow-up 12.3 years) and Spanish (18.8 years), mortality and 
cardiovascular complications correlated with C-age and 
pMTB-age. In Flemish, cardiac endpoints (hazard ratio 
[95% CI] 1.28 [1.00–1.63]) and its components kept 
significance in relation to pMTB-age-R. The pathway 
analysis revealed overrepresentation of glycine, serine, and 
threonine. Conclusions: pMTB-age is a multidimensional 
biomarker, which identifies individuals with accelerated 
vascular aging with high precision and combined with the 
pathway analysis highlights the role of amino acids in 
vascular disease. Therefore, pMTB-age can guide risk 
stratification and the personalized and timely prevention 
and treatment tailored to an individual’s unique pMTB-age 
profile. © 2026 The Author(s). 

Published by S. Karger AG, Basel

Plain Language Summary
People age at different speeds depending on genetic 
predisposition, risk factors, and lifestyle. Chronological age 
(C-age) does not accurately reflect the true biological age. 
This study aimed to identify a signature of molecules in the 
blood that would indicate faster biological aging with a 
greater risk of vascular complications and premature death. 
Of the study participants, 729 were recruited in northern 
Belgium (FLEMENGHO) and 811 in the Spanish province 
Valladolid (Hortega). Nuclear magnetic resonance allowed 
to detect 38 molecules in the FLEMENGHO blood samples, 
which are involved in the metabolism of sugars, fats, and 
amino acids. Sixteen of these 18 metabolites could be 
combined in a multidimensional biomarker, which was 
called pMTB-age and which was related to greater cardio
vascular risk at baseline and over 12 years of follow-up 
predicted vascular and cardiac events, independent of 
C-age. The amino acids, glycine, serine, and threonine stood 
out as being involved in biological and vascular aging. The 
construction of pMTB-age was replicated in a subgroup of 
FLEMENGHO participants, who were reexamined 5 years 
later and in the Hortega study. In the Spanish participants, 
the pMTB-age biomarker was also associated with cardio
vascular risk at baseline and over 19 years of follow-up 
predicted adverse health outcomes. In conclusion, pMTB- 
age reflects biological aging at the individual level. From a 
clinical viewpoint, pMTB-age can be used as a tool to 
identify individuals with faster biological aging over and 
beyond what C-age can provide as information. Therefore, 
pMTB-age can guide risk stratification and the personalized 
and timely prevention and treatment tailored to an indi
vidual’s unique pMTB-age profile. © 2026 The Author(s). 

Published by S. Karger AG, Basel

Introduction

Aging is characterized by progressive cellular and 
physiological dysfunction and accrual of cardiovascular 
(CV) risk factors, which enhance the susceptibility to 
vascular disease and mortality [1, 2]. Major age-related 
CV end points, such as myocardial infarction and stroke, 
are caused by arterial disease and reflect deviation from 
healthy vascular aging. Chronological age (C-age) does 
not capture the interindividual variability in biological or 
vascular aging. For the same C-age, individuals show 
marked differences in vascular function, disease sus
ceptibility, and survival, underscoring the need for more 
precise indicators of biological age [3]. In response to this 
need, high-throughput omics technologies enabled the 
construction of aging clocks based on DNA methylation 
(epigenetic clocks) [4, 5], gene expression (tran
scriptomic clocks) [6], proteomics [7], or metabolomics 
[8–16]. Among these approaches, metabolomics cap
tures products downstream of genomic, transcriptomic, 
and proteomic activity, while simultaneously reflecting 
environmental exposures, diet, lifestyle, and the influ
ence of the gut microbiome. To date, only three pub
lished studies [11, 12, 14] reported association of adverse 
health outcomes with metabolomic aging clocks, with 
replication in a different cohort, but only one [11] un
related the metabolomic-derived aging clock from C-age, 
thereby highlighting its independent predictive value.

To increase generalizability and clinical applicability, 
there is a need to derive metabolomic-based biological aging 
clocks in representative population cohorts with a core set of 
metabolomic markers, such as produced by nuclear mag
netic resonance (NMR), which facilitate interpretability 
compared to more complex approaches [4–16]. To im
plement this objective, 38 plasma metabolites (pMTBs) were 
measured by NMR and related to CV risk factors, incident 
CV complications, and mortality in the Flemish Study on 
Environment, Genes and Health Outcomes (FLEMEN
GHO) [17] with an internal replication within this cohort by 
reexamination of participants and with an external vali
dation in the Spanish Hortega study [18].

Methods

Study Design
From August 20, 1985, to December 14, 1990, a random 

sample of the households living in a geographically defined 
area of northern Belgium was investigated with the goal to 
recruit an equal number of participants in each of six 
subgroups stratified by sex and age (20–39, 40–59, and ≥60 
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years). All household members aged 20 years or older were 
invited to take part, provided that the quota of their sex-age 
group had not yet been satisfied. From April 3, 1996, to 
May 12, 2007, recruitment of families continued, including 
young adolescents aged 10–19 years. Participants younger 
than 18 years provided informed assent and their parents 
or custodians gave informed consent. Of 4,286 people 
invited to participate in FLEMENGHO, 3,343 consented 
(participation rate 78.0%). From May 30, 2005, until May 
31, 2010, 828 participants were invited to a follow-up 
examination, if their last known address was within 15 
kilometers of the local examination center (Eksel, Bel
gium). This invitation excluded individuals who had 
passed away (N = 26), had been institutionalized (N = 27), 
moved out of the catchment area (N = 100), or had 
withdrawn their informed consent in previous examina
tion cycles (N = 227), leaving 828 participants for the 
current study. Of those, 95 individuals were excluded 
because they had no measurement of their plasma me
tabolomic signature and four because they were younger 
than 18 years and healthy. Thus, two datasets were derived 
for FLEMENGHO participants. The 729 individuals who 
had participated in the first examination cycle (2005–2010) 
constituted the derivation dataset. The 2009–2013 data of 
the 580 individuals, who had participated in both exam
ination cycles, were analyzed as the time-shifted internal 
validation dataset. The 2005–2010 data constituted the 
baseline for the prospective follow-up of health outcomes 
until June 30, 2019 (online suppl. Fig. 1; for all online suppl. 
material, see https://doi.org/10.1159/000551883).

The Spanish Hortega study, which recruited indi
viduals within the 15–85 age range [19], was used for 
external replication. In Spain, within defined geo
graphical areas, local networks of primary care practices 
are linked to tertiary hospitals for referrals. This 
framework defined the catchment area of the Rio 
Hortega University Hospital in Valladolid. The Hortega 
study was initiated in 1997 (phase I) as a mailed survey of 
a random selection of health care beneficiaries residing 
in the University Hospital Rio Hortega’s catchment area 
(N = 11,423), followed by a pilot examination (phase II) 
of 495 phase I participants in 1999–2000. In March 2001, 
1,512 individuals, including the 495 phase II participants 
took part in the Hortega baseline examination (phase 
III). Phase III participants were followed until 31 De
cember, 2021 (online suppl. Fig. 1).

Measurements
In FLEMENGHO, all clinical and vascular measure

ments, information on risk factors and use of medica
tions, and blood samples for biochemistry and pMTB 

analysis were collected on the same examination day. 
Participants fasted for 8 h before venipuncture, and the 
aliquoted serum and plasma samples were stored −80°C 
until analyzed. Blood pressure was the average of five 
consecutive auscultatory readings obtained after par
ticipants had rested for 5 min in the seated position. 
Study nurses administered a standardized questionnaire 
to update each participant’s medical history, smoking 
and drinking habits, and intake of medications, in
cluding antihypertensive medicines, oral and parenteral 
antidiabetic agents, and lipid-lowering drugs (fibrates, 
ezetimibe, cholestyramine, and statins). Antihyperten
sive drugs were categorized into diuretics (thiazides, loop 
diuretics, and aldosterone antagonists), β-blockers, in
hibitors of the renin-angiotensin system (angiotensin- 
converting enzyme inhibitors and angiotensin receptor 
blockers, including or excluding β-blockers), and va
sodilators (calcium channel blockers and α-blockers). In 
the discovery sample, ankle-brachial pulse wave velocity 
and the ankle-brachial pressure ratio were measured 
using the VP-2000 device (Omron Healthcare Co., Ltd, 
Kyoto, Japan). In Hortega phase III, participants com
pleted a self-administered questionnaire providing in
formation on anthropometric characteristics, educa
tional attainment, smoking and drinking status, and the 
intake of antihypertensive, antidiabetic, and lipid- 
lowering medications. Blood pressure was measured 
up to three times after participants had rested for 5 min 
in the sitting position, using validated devices. Blood 
samples were obtained after 3 h (median) of fasting 
(range 0–17 h). In both FLEMENGHO and Hortega, 
certified laboratories did the routine biochemistry, using 
quality-controlled automated methods. The estimated 
glomerular filtration rate (eGFR) was computed from 
serum creatinine [20], measured by a modification of 
Jaffe’s methods with isotope-dilution calibration [21]. 
The Framingham risk score for coronary heart disease 
was computed by the formula published in 2008 [22].

Mortality and Morbidity
At annual intervals, the vital status of FLEMENGHO 

participants was ascertained by record linkage with the 
National Population Registry in Brussels, Belgium. The 
ICD codes for the cause of death were obtained from the 
Flemish Registry of Death Certificates. In FLEMEN
GHO, information on the incidence of nonfatal end
points was collected by a standardized questionnaire at 
each examination cycle, via structured telephone inter
views of participants or their next of kin, and by 
searching the participants’ medical records at the four 
regional hospitals and the University Hospitals Leuven, 
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all serving the FLEMENGHO catchment area. Experi
enced study nurses under supervision of the study 
physicians did the ICD coding of nonfatal endpoints, 
which were validated against the records of the general 
practices in the catchment area and the referral hospitals. 
In Hortega, a highly experienced nosologist searched the 
digital records of the general practices in the network 
and the Rio Hortega University Hospital in Valladolid 
and did the ICD coding.

All endpoint analyses addressed the first event within 
each category and the time of occurrence relative to the 
baseline. The censoring data in participants without any 
endpoint were 30 June, 2019, in FLEMENGHO and 31 
December, 2021, in Hortega. The coprimary endpoints 
were total mortality and a composite CV endpoint 
consisting of CV mortality combined with nonfatal 
coronary endpoints, heart failure, valvular heart disease, 
cardiomyopathy, dysrhythmia, atrial fibrillation, and 
stroke. Angina pectoris, chronic ischemic heart disease, 
and transient ischemic attack were not included in the 
coprimary CV endpoint. Secondary endpoints included 
cause-specific mortality and the components of the 
coprimary CV endpoint. No participant was lost to 
follow-up. However, the cause of death was unknown in 
four FLEMENGHO and 20 Hortega participants.

Plasma Metabolomics
The plasma metabolomic signature was measured by 

NMR according to methods described previously [17, 
18]. To study reproducibility of the NMR measurements, 
the complete aliphatic spectral region was split into 0.005 
ppm buckets. The mean bucket difference for all ali
phatic spectral regions was 5.1% with a maximum of 
7.0% for the bucket containing the high-density apoli
poprotein signal. NMR spectroscopy is fast and keeps 
samples separated from the instrument, but produces 
crowded spectra that cannot always be reliably decon
voluted into single metabolites. When two peaks con
tributed to a spectral region, the two metabolites were 
jointly reported. The FLEMENGHO plasma samples for 
measurement of the pMTBs were shipped on dry ice 
from Leuven, Belgium, arriving in Valencia, Spain, 
within 24 h and kept at −80°C until assayed.

The NMR procedure detected 60 metabolites in FLE
MENGHO and Hortega plasma samples. Due to the in
herent nature of NMR spectroscopy, individual metabolites 
often generate multiple distinct resonance signals with 
different ppm values, reflecting the presence of chemically 
nonequivalent hydrogen atoms within the same molecule. 
A single metabolite may therefore generate several spectral 
features. In case of overlapping or redundant signals 

representing the same metabolite, the signal with the 
strongest correlation with C-age was analyzed, resulting in 
a panel of 38 metabolites (online suppl. Table 1).

Statistical Analysis
Database management and statistical analysis were 

done using SAS, version 9.4 (maintenance level 5). The 
distributions of the circulating metabolomic biomarkers 
were rank normalized, by sorting measurements from 
the smallest to the highest value and then applying the 
inverse cumulative normal function. Between-group 
means were compared using the large-sample Z test. 
Proportions were compared by Fisher’s exact test and 
longitudinal changes in proportions by McNemar’s test. 
In FLEMENGHO, the intraclass correlation coefficient 
modeling aggregation of traits between related indi
viduals was estimated, using analysis of variance with 
unrelated participants excluded from analysis. Statistical 
methods also included linear and proportional hazards 
regression.

The analysis was done according to predefined steps 
(Fig. 1). First, the association between C-age and pMTBs 
was investigated in the 2005–2010 Flemish derivation 
dataset (N = 729), with cumulative adjustment for sex, 
body mass index (BMI), mean arterial pressure [diastolic 
blood pressure plus 0.40 × (systolic minus diastolic blood 
pressure)], smoking (categorical), diabetes, history of CV 
disease, and the use of antihypertensive and lipid-lowering 
drugs. The pMTBs were highly intercorrelated (online 
suppl. Fig. 2), so that each test did not introduce an in
dependent opportunity for a type-I error and a correction 
for multiple testing was unnecessary [23]. The second 
analysis step involved pMTBs significantly associated with 
C-age in the first step. These metabolites were analyzed by 
elastic net regression to construct a model predicting age 
(pMTB-age). The L1 and L2 regression penalties were 
determined by 10-fold random cross-validation. This 
procedure was bootstrapped 1,000 times to obtain the final 
estimates of L1 and L2 and the 95% confidence interval 
(CI) of the regression coefficients, linking C-age with each 
metabolite in the reduced set of pMTBs. Validation in the 
next analysis step was implemented by applying the 
pMTB-age prediction model to the internal FLEMENGHO 
and the external Hortega validation datasets. To study the 
associations of biomarkers and adverse health outcomes 
with molecular aging, as captured by pMTB-age, over and 
beyond C-age, the residual of pMTB-age regressed on 
C-age (pMTB-age-R) was computed (online suppl. Fig. 3). 
Furthermore, the SHapley Additive exPlanation (SHAP) 
method [24], as implemented in R version 4.4.1 (R Core 
Team, Vienna, Austria), was applied to rank the pMTBs 
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according to their importance and to visualize their as
sociations with pMTB-age globally and at the individual 
level. The final step in the analysis was the molecular 
pathway analysis involving the pMTBs making up pMTB- 
age, using the databases of Reactome and the Kyoto En
cyclopedia of Genes and Genomes (KEGG). Pathways were 
visualized, using R software to create dot plots with q values 
corrected for the false discovery rate [25].

Results

Characteristics of Participants
Compared to the 729 FLEMENGHO participants 

making up the derivation dataset (2005–2010), the 811 
Hortega patients (2001), being followed up at a tertiary 
referral hospital, had a higher CV risk profile (Table 1), 
as evidenced by the greater frequency of smoking, ha

bitual alcohol intake, history of CV disease, the higher 
10-year Framingham risk score for coronary heart dis
ease, and the lower prevalence of antihypertensive and 
lipid-lowering treatment. The Spanish patients were 
2.0 years older and had a 2.0-centimeter lower waist 
circumference than the Flemish at the 2005–2010 ex
amination without differences in BMI, and blood 
pressure. With regard to the biochemical risk profile, 
eGFR was 7.4 mL/min/m2 higher and total serum 
cholesterol was 0.92 mmol/L lower in Hortega patients, 
whereas plasma glucose was 0.17 mmol/L higher and 
high-density lipoprotein (HDL) serum cholesterol and 
the total-to-HDL serum cholesterol ratio were, respec
tively, 0.08 mmol/L and 0.52 lower in the Hortega pa
tients compared to the baseline levels (2005–2010) in 
Flemish. Brachial-ankle pulse wave velocity and the 
ankle-brachial pressure ratio in the Flemish derivation 
dataset (2005–2010) averaged 14.0 m/s and 1.10, 

Fig. 1. Chart describing the flow of the analysis. FLEMENGHO, Flemish Study on Environment, Genes, and 
Health Outcomes; pMTB, plasma metabolite profile.
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Table 1. Characteristics of FLEMENGHO and Hortega participants

Characteristic FLEMENGHO Hortega

derivation internal time-shifted validation external validation

2005–2010 
(baseline)

2005–2010 
(baseline)

2009–2013 
(follow-up)

p value 2001 p value

Group, n 729 580 811

Sex
Women 368 (50.5) 288 (49.7) – 414 0.82
Men 361 (49.5) 292 (50.3) 397

Risk factors
Active smokers 148 (20.3) 108 (18.6) 84 (14.5) <0.0001 173 (23.4) <0.0001
Alcohol intake 287 (39.4) 238 (41.0) 219 (37.8) 0.069 431 (53.1) <0.0001
Hypertension 301 (41.3) 236 (40.7) 303 (52.2) <0.0001 320 (43.0) 0.52
BMI ≥30 kg/m2 136 (18.7) 105 (18.1) 139 (24.0) <0.0001 142 (17.5) 0.56
Waist circumference ≥88/ 
102 cm (♀/♂/)

245 (33.6) 189 (32.6) 303 (52.2) <0.0001 244 (30.1) 0.14

Diabetes 33 (4.5) 23 (3.97) 27 (4.66) 0.046 57 (7.7) 0.038
Previous CV disease 36 (4.94) 27 (4.66) 34 (5.86) 0.32 83 (10.2) 0.0001
10-year Framingham risk score 7.76 (3.00–16.2) 7.64 (3.07–15.0) 8.87 (4.02–17.8) 0.017 9.85 (2.55–26.9) 0.0033

Use of prescription drugs
Antihypertensive drugs 186 (25.5) 142 (24.5) 189 (32.6) <0.0001 133 (17.9) 0.0004
Lipid-lowering drugs 95 (13.0) 77 (13.3) 138 (23.8) <0.0001 48 (6.44) <0.0001

Clinical measurements
Age, years 51.3 (15.4) 51.0 (14.5) 55.7 (14.4) <0.0001 53.3 (18.7) 0.029
BMI, kg/m2 26.6 (4.37) 26.7 (4.4) 27.4 (4.41) <0.0001 26.5 (3.98) 0.53

Waist circumference 90.6 (12.6) 90.9 (12.4) 96.3 (12.6) <0.0001 88.6 (12.2) 0.0017
Women, cm 86.3 (12.4) 86.6 (12.6) 92.7 (13.2) <0.0001 83.1 (12.1) 0.0004
Men, cm 95.0 (11.2) 95.2 (12.6) 99.7 (10.8) <0.0001 94.3 (9.4) 0.36

Systolic pressure, mm Hg 129.4 (17.1) 128.7 (16.2) 132.2 (16.4) <0.0001 130.4 (19.6) 0.30

Diastolic pressure, mm Hg 80.0 (9.3) 80.0 (9.3) 82.6 (9.70) <0.0001 79.6 (10.1) 0.43

Mean arterial pressure, mm Hg 96.4 (10.4) 96.2 (10.1) 99.1 (9.99) <0.0001 96.5 (12.0) 0.92

Heart rate, bpm 63.8 (9.70) 63.2 (9.4) 62.5 (9.76) 0.085 – –

Arterial measurements
Brachial-ankle pulse wave 
velocity, m/s

14.0 (2.8) 14.0 (2.8) – – – –

Ankle-brachial pressure ratio 1.10 (0.07) 1.10 (0.07) – – – –

Biochemical measurements
Serum creatinine, μmol/L 86.6 (15.4) 86.6 (15.8) 90.3 (23.6) <0.0001 75.1 (17.3) <0.0001
eGFR, mL/min/1.73 m2 79.8 (15.5) 80.0 (14.8) 74.8 (15.5) <0.0001 87.2 (22.0) <0.0001
Plasma glucose, mmol/L 4.94 (0.76) 4.93 (0.76) 4.97 (0.79) 0.35 5.11 (0.96) 0.0001
Total serum cholesterol, 
mmol/L

5.25 (0.94) 5.25 (0.93) 5.03 (0.93) <0.0001 4.33 (0.88) <0.0001

HDL serum cholesterol, mmol/L 1.42 (0.35) 1.42 (0.36) 1.44 (0.38) 0.19 1.34 (0.29) <0.0001
Total-to-HDL serum cholesterol 
ratio

3.88 (1.04) 3.87 (1.02) 3.71 (1.27) 0.0006 3.36 (0.91) <0.0001

Data are number of participants (%), mean (SD), or median (IQR). Alcohol intake refers to the daily or weekly habitual consumption of 
alcoholic beverages. Hypertension is a blood pressure of ≥140 mmHg systolic or ≥90 mmHg diastolic or use of antihypertensive drugs. 
Diabetes is a fasting plasma glucose of ≥7.0 mmol/L (126 mg/dL), a self-reported diagnosis, diabetes documented in practice or hospital 
records, or use of antidiabetic drugs. In Hortega, diabetes also included a random plasma glucose of ≥11.1 mmol/L (200 mg/dL) or HbA1c 
of ≥6.5%. eGFR derived from serum creatinine using the race-free Chronic Kidney Disease Epidemiology Collaboration equation. To convert 
eGFR from mL/min to mL/s per 1.73 m2, multiply by 0.0167. p values denote the significance between baseline and follow-up in 580 
FLEMENGHO participants or the difference between the FLEMENGHO and Hortega data. An ellipsis indicates not applicable or data 
unavailable. HDL, high-density-lipoprotein.

Metabolomic Signature of Vascular Aging Pulse 2026;14:62–77 
DOI: 10.1159/000551883 

67 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
k
a
r
g
e
r
.
c
o
m
/
p
l
s
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
/
1
/
6
2
/
4
5
2
6
0
8
7
/
0
0
0
5
5
1
8
8
3
.
p
d
f
 
b
y
 
U
n
i
v
e
r
s
i
t
e
i
t
 
H
a
s
s
e
l
t
 
u
s
e
r
 
o
n
 
1
0
 
J
u
l
y
 
2
0
2
6



respectively. Vascular measurements were not available 
in the Hortega participants.

The time-shifted internal replication FLEMENGHO 
dataset (2009–2013) consisted of 580 individuals, who 
had participated in the baseline and follow-up exami
nations (Fig. 1; online suppl. Fig. 1). The median time 
interval between the two examination cycles was 
4.75 years (5th–95th percentile interval 3.71 to 5.40 
years). Aging from baseline to follow-up (Table 1) was 
accompanied by worsening of the risk profile, mainly 
related to unfavorable trends in the anthropometric 
characteristics, blood pressure, the prevalence of hy
pertension, eGFR, and the serum lipid profile, although 
the frequency of antihypertensive and lipid-lowering 
treatment increased by 8.1% and 10.5%, respectively, 
and the prevalence of smoking decreased by 4.1%.

Information on the effects of study attrition was 
available for the FLEMENGHO participants included in 
the derivation dataset (N = 729) compared to the 1,219 
participants not included in current analysis, because 
they had passed away, were institutionalized, had moved 
away from the study area, declined further participation, 
or were excluded from analysis (online suppl. Table 2). 
In the 1996–2005 examination cycle, participants in
cluded in derivation dataset were 1.9 years younger and 
had 2.9 mL/min/1.73 m2 lower eGFR, 0.14 mmol/L lower 
plasma glucose, and 0.37 higher total-to-HDL serum 
cholesterol ratio with no differences in blood pressure 
or BMI.

Associations of Age with pMTBs
In the FLEMENGHO derivation dataset, with ad

justments applied for sex, BMI, mean arterial pressure, 
smoking, diabetes, history of CV disease, and the use of 
antihypertensive and lipid-lowering drugs, C-age was 
significantly associated with 21 metabolites, of which 16 
were confirmed in the time-shifted FLEMENGHO 
replication dataset and 18 in the external replication 
Hortega data (online suppl. Fig. 4). Of the 21 metabolites 
associated with C-age in the FLEMENGHO derivation 
dataset, the elastic net regression procedure retained 18 
in pMTB-age with partial regression coefficients 
(weights) ranging from −8.01 (95% CI –10.5 to 5.16) for 
glutamate to 8.14 (95% CI 3.89 to 12.5) for creatinine 
(online suppl. Table 3). pMTB-age explained 28.6% of 
C-age in the derivation dataset (r = 0.54), with similar 
estimates in women (28.4% [r = 0.54]) and men (28.5% 
[r = 0.54]), 24.6% (r = 0.50) in the time-shifted internal 
replication FLEMENGHO dataset and 22.9% (r = 0.48) 
in the external replication Hortega data (Fig. 2). C-age 
and pMTB-age were similar in the FLEMENGHO 

derivation dataset (C-age 51.3 years [SE 0.57]) vs. pMTB- 
age 51.3 years [0.31], p = 0.96). In the time-shifted 
FLEMENGHO and the Hortega datasets, C-age was 
higher than pMTB-age (p ≤ 0.0011): 55.7 years (SE 0.60) 
vs. 51.3 years (SE 0.33) and 53.3 years (SE 0.66) vs. 
51.3 years (SE 0.42), respectively. Furthermore, com
pared with the derivation dataset (Fig. 2a), the regression 
slopes of C-age on pMTB-age were similar in the time- 
shifted FLEMENGHO (Fig. 2b; p = 0.35) and the Hortega 
(Fig. 2c; p = 0.14). The estimates of the increases in C-age 
per 10-year increment in pMTB-age (95% CI) were 
9.92 years (8.78–11.1 years) in the derivation dataset, 
9.04 years (7.75–10.3 years) in the time-shifted FLE
MENGHO dataset, and 7.48 years (6.54–8.43 years) in 
Hortega. Figure 3 shows the feature importance of the 18 
metabolites in the FLEMENGHO participants overall 
(Fig. 3a) and in individual patients (Fig. 3b) in their 
relation with C-age with adjustments applied for sex, 
BMI, mean arterial pressure, smoking, diabetes, history 
of CV disease, and the use of antihypertensive and lipid- 
lowering drugs. Given the intercept and weights of the 18 
pMTBs (online suppl. Table 3), there was large inter
individual variability in the association of C-age with 
pMTB-age (Fig. 3). For instance, in two men with the 
same C-age: 28.0 years, pMTB-age was 37.3 and 
22.1 years (online suppl. Fig. 5). Similarly, in two women 
with the same C-age: 56.0 years, pMTB-age was 64.1 and 
49.9 years (online suppl. Fig. 5). In the pathway analysis 
(Fig. 4), the metabolism of glycine, serine, and threonine 
was overrepresented (p value with Benjamini-Hochberg 
correction 0.0054).

Associations of Age with Risk Factors
In FLEMENGHO and Hortega, blood pressure, 

plasma glucose, BMI, and waist circumference were 
positively and eGFR inversely correlated with C-age 
(Table 2). These correlations remained highly signifi
cant if C-age was replaced by pMTB-age except for 
diastolic blood pressure in FLEMENGHO participants. 
pMTB-age-R, an index reflecting accelerated aging in
dependent of C-age, was significantly and inversely 
correlated with eGFR and positively with the other risk 
factors with the exception of blood pressure (Table 2).

In FLEMENGHO participants, the brachial-ankle 
pulse wave velocity and the ankle-brachial pressure ra
tio were positively and significantly correlated with 
C-age and pMTB-age. The correlation between the 
ankle-brachial pressure ratio with pMTB-age-R retained 
significance, whereas this was not the case for the 
brachial-ankle pulse wave velocity. The FLEMENGHO 
study population consisted of 112 unrelated participants 
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and 617 related participants, belonging to 16 single- 
generation families and 61 multigeneration pedigrees. 
The intraclass correlation coefficients (95% CI) among 
related FLEMENGHO participants were 0.06 (−0.021 to 
0.15; p = 0.14) for C-age, 0.13 (0.047 to 0.21; p < 0.0023) 
for pMTB-age, and 0.28 (0.20 to 0.36; p < 0.0001) for 
pMTB-age-R. Adjustment for family clusters produced 
(online suppl. Table 4) consistent results, but removed 
the significance of the associations of eGFR, waist cir
cumference, the brachial-ankle pulse wave velocity, and 
the brachial-ankle pressure ratio with pMTB-age-R. In 
Hortega participants, all tabulated risk factors (Table 2) 

with the exception of eGFR were significantly associated 
with pMTB-age-R. Use of medications in the treatment 
of age-related chronic disease (online suppl. Table 5) was 
associated with a significantly higher C-age and pMTB- 
age (p ≤ 0.022). These medications included the major 
classes of antihypertensive drugs, given as monotherapy 
or in combination, non-steroidal anti-inflammatory 
drugs and lipid-lowering agents. However, pMTB-age- 
R was not different between users and nonusers of 
antihypertensive and non-steroidal anti-inflammatory 
drugs, while pMTB-age-R was slightly but significantly 
lower in users than in nonusers of lipid-lowering agents.

Fig. 2. Correlations between observed C-age and age pre
dicted by the plasma metabolome correlations for the 
FLEMENGHO derivation dataset (2005–2010; left), the 
time-shifted internal FLEMENGHO replication dataset 
(2009–2013; middle), and the external replication Hortega 
dataset (2001; right) are presented in a–c. The regression 
lines (solid black) are given with 95% CIs for the predicted 

mean of C-age (gray band) and the predicted C-age of in
dividual participants (dotted lines). The blue line in the 
correlation plots is the identity line. The corresponding 
distributions of C-age and pMTB-age are given in 
d–f. FLEMENGHO, Flemish Study on Environment, Genes, 
and Health Outcomes; pMTB, plasma metabolite profile; 
pMTB-age, age as predicted by the plasma metabolome.
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Mortality and Morbidity
Median follow-up (IQR) was 12.3 (10.7–13.2) years 

in FLEMENGHO and 18.8 (17.4–18.9) in Hortega. In 
both cohorts (Table 3), total mortality and the co
primary CV endpoint and its components significantly 
increased with C-age and pMTB-age. Per 10-year age 
increment, in FLEMENGHO, the HRs (95% CI) were 
3.44 (2.72–4.34) and 2.76 (2.31–3.28) for total mor
tality and the coprimary CV endpoint in relation to 
C-age and 2.55 (1.97–3.30) and 2.33 (1.84–2.95) in 
relation to pMTB-age. In Hortega (Table 3), the 
corresponding HRs for total mortality and the co
primary CV endpoint were 3.49 (2.99–4.06) and 3.12 
(2.62–3.71) in relation to C-age and 1.58 (1.42–1.75) 
and 1.64 (1.45–1.87) in relation to pMTB-age. Ex
cluding 20 of 811 Hortega participants (2.47%) lost to 
follow-up with unknown cause of death did not ma
terially alter the findings. Indeed, the HRs for total 
mortality in relation to C-age, pMTB-age, and pMTB- 
age-R were 3.66 (3.10–4.32), 1.57 (1.41–1.75), and 0.93 
(0.80–1.07), respectively.

In both cohorts, the HRs for cause-specific mortality, 
for the combined fatal and nonfatal cardiac, coronary, 
and cerebrovascular endpoints and for nonfatal myo

cardial infarction and atrial fibrillation were confirma
tory for their association with C-age and pMTB-age 
(Table 3). The associations of cardiac and coronary 
endpoints, myocardial infarction, and atrial fibrillation 
with pMTB-age-R kept significance in FLEMENGHO 
(Table 3), but the associations of endpoints with pMTB- 
age-R did not reach significance (p ≥ 0.16) in Hortega.

Adjustment of the outcome results for clustering 
within families in 617 related FLEMENGHO partici
pants (online suppl. Table 6) confirmed the results in the 
whole cohort also including singletons. Among related 
FLEMENGHO participants, the HR (95% CI) for the 
coprimary CV endpoint with pMTB-age-R was 1.68 
(1.01–2.80) and reached significance (p = 0.044). Figure 5
shows the heat plots illustrating the multivariable- 
adjusted 10-year risk of an adverse health outcome in 
relation to C-age and pMTB-age in 729 FLEMENGHO 
participants. The heat plots were constructed for the 
outcomes for which pMTB-age-R was significant 
(Table 3), including all CV, cardiac and coronary end
points, nonfatal myocardial infarction, and new-onset 
atrial fibrillation. The 10-year risks significantly in
creased with C-age (along the horizontal axis) and 
pMTB-age (along the vertical axis).

Fig. 3. Importance of the pMTBs in their association with pMTB- 
age overall and individually. The analysis conducted according to 
the SHAP method includes the FLEMENGHO derivation dataset 
(N = 729) and the 18 metabolites significantly associated with age 
with adjustment for sex, BMI, mean arterial pressure, smoking, 
diabetes, history of CV disease, and the use of antihypertensive and 

lipid-lowering drugs. a The pMTBs according to their importance. 
b The individual data points. SHAP values indicate how much each 
metabolite contributes to pMTB-age, facilitating an interpretable 
understanding of the model output. For the abbreviations of the 
metabolites, see online supplementary Table 1. pMTB, plasma 
metabolite profile; pMTB-age, age as predicted by the pMTB.
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Discussion

The main finding of this study was that C-age was 
associated with a specific change in the plasma metab
olomic signature, as captured by pMTB-age. The relation 
of C-age with pMTB-age was derived in the FLE
MENGHO discovery dataset and subsequently con
firmed in the time-shifted FLEMENGHO and the ex
ternal Hortega replication data (Fig. 2). Compared to 
C-age in the derivation dataset (51.7 years), pMTB-age 
was up to 4.4 years higher in the replication datasets and 
per 10-year increment in C-age, the estimated pMTB-age 
was from 2.44 to 0.88 years lower. The mean SHAP 
values of the 18 metabolites making up pMTB-age in the 
FLEMENGHO discovery dataset ranged from 0.13 for 
HDL apolipoproteins to 8.14 for creatinine, but large 
interindividual variability in the associations between 
pMTB-age and C-age explained why for the same C-age 
pMTB-age can be substantially different (Fig. 3; online 
suppl. Fig. 5). In FLEMENGHO and Hortega, common 
CV risk factors were significantly associated with C-age 
and pMTB-age and with the exception of blood pressure 
and the brachial-ankle pulse wave velocity in FLE
MENGHO and eGFR in Hortega also with pMTB-age-R 

(Table 2). In FLEMENGHO, the use of medications to 
treat age-related chronic diseases, analyzed as proxy for 
unhealthy aging, was significantly correlated with C-age 
and pMTB-age and the use of lipid-lowering drugs also 
with pMTB-age-R (online suppl. Table 5). In FLE
MENGHO and Hortega, C-age and pMTB-age predicted 
mortality and CV endpoints (Table 3). In FLEMEN
GHO, cardiac endpoints and its components were also 
related to pMTB-age-R (Table 3; Fig. 5). This was not the 
case in Hortega, probably because the Spanish partici
pants had been referred a tertiary hospital, which may 
have resulted in a higher disease burden and a study 
group less representative of the general population. 
Additionally, in Hortega compared to FLEMENGHO 
(Fig. 2), the correlation coefficient between C-age and 
pMTB-age was weaker (0.48 vs. 0.54) and the slope of 
C-age on pMTB-age was shallower (0.99 vs. 0.75).

A PubMed search updated until June 30, 2025, re
vealed that seven publications are relevant to the current 
findings, because they examined the associations of bi
ological aging with metabolomic signatures and the 
potential for risk stratification in the general population. 
In spite of substantial methodological differences, 
common design characteristics consisted of single-omics 
approach in five articles, using NMR spectroscopy in 
three studies [13–15] and liquid chromatography-mass 
spectrometry in two [9, 11]. Two studies applied a multi- 
omics approach by integrating DNA methylation and 
metabolomic data [12, 16]. Only three articles [11, 12, 
14] included an external replication of the associations of 
adverse health outcomes with metabolomic age, and only 
one [11] assessed the contribution of metabolomic age 
independent of C-age, but focused on lipidomic data, 
ignoring the critical role of amino acids, carbohydrates, 
lipids, and energy-metabolism intermediates in biolog
ical aging. Features of the present study adding to the 
existing literature include the long-term follow-up for 
adverse vascular health outcomes over and beyond 
mortality as the only endpoint in most studies, the as
sessment of the association of CV risk factors and drug 
use with pMTB-age, uncorrelation of pMTB-age from 
C-age, and the replication of the findings in a subsample 
of the discovery cohort examined approximately 5 years 
later and in an external cohort with different lifestyle and 
dietary habits.

Of the 18 metabolites making up pMTB-age, six were 
amino acids (online suppl. Table 3). The overrepre
sentation of the metabolism of glycine, serine, and 
threonine in the pathway analysis contributes to the 
growing insight that amino acids play a pivotal role in the 
regulation of aging, extending their physiological 

Fig. 4. Pathway analysis of 18 metabolites making up pMTB-age 
The metabolism of glycine, serine, and threonine (p value with 
Benjamini-Hochberg correction 0.0054) was the highest ranking 
and only significant enriched KEGG pathway. The size of the 
plotted points is proportional to the impact of the pathway.
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significance far beyond their traditional function as the 
building blocks of proteins. Specific amino acids act as 
metabolic and signaling modulators that influence key 
cellular processes involved in aging and age-related 
diseases. Selective limitation of the dietary intake of 
certain amino acids, such as methionine and tryptophan, 
triggers evolutionarily conserved stress-response path
ways, notably involving mTOR and GCN2 signaling 
[26]. These pathways contribute to enhanced protein 
homeostasis, reduced oxidative stress, and improved 
mitochondrial function, collectively promoting longev
ity in model organisms, such as Caenorhabditis elegans, 
yeast, and mice [26]. Furthermore, the metabolism of 
glycine, serine, and threonine acts as a central axis as
sociated with improved healthy lifespan and longevity in 
mice on calorie-restricted diets and during time- 
restricted feeding patterns [27]. This multi-omics ex
perimental study suggested that metabolic remodeling of 
these amino acid pathways under fasting conditions 
supports liver function, redox balance, and energy ho

meostasis, thereby delaying the onset of age-related 
pathologies, such as fatty liver disease and cancer [27]. 
Further adding to this complexity, amino acid meta
bolism plays a role in vascular aging, particularly via the 
metabolism of arginine and its downstream products, 
such as homoarginine and polyamines [28]. These 
metabolites influence vascular health through mecha
nisms, such as nitric oxide production, autophagy reg
ulation, and macrophage polarization. Dysregulation of 
these pathways is linked to atherosclerosis and systemic 
inflammation, underscoring the relevance of amino acid 
homeostasis in preventing age-associated vascular dis
ease. Taken together, these findings suggest that the 
balance between amino acids and their metabolism are 
key determinants of aging and longevity. Targeted di
etary manipulation of specific amino acids, or phar
macological modulation of their metabolic pathways, 
may offer promising strategies for promoting healthy 
aging and preventing age-related diseases across multiple 
organ systems [29]. Indeed, glycine is a significant 

Table 2. Risk biomarkers in relation to age in FLEMENGHO and Hortega participants

Risk markers C-age pMTB-age pMTB-age-R

r value p value r value p value r value p value

FLEMENGHO 2005–2010 (N = 729)
Systolic blood pressure 0.492 <0.0001 0.276 <0.0001 0.015 0.69
Diastolic blood pressure 0.133 0.0003 0.050 0.18 −0.025 0.50
Mean blood pressure 0.350 <0.0001 0.182 <0.0001 −0.007 0.85
eGFR −0.696 <0.0001 −0.448 <0.0001 −0.089 0.016
Plasma glucose 0.260 <0.0001 0.535 <0.0001 0.468 <0.0001
BMI 0.229 <0.0001 0.216 <0.0001 0.111 0.0026
Waist circumference 0.289 <0.0001 0.225 <0.0001 0.084 0.024
Total serum cholesterol 0.217 <0.0001 0.407 <0.0001 0.344 <0.0001
Total-to-HDL serum cholesterol ratio 0.196 <0.0001 0.335 <0.0001 0.273 <0.0001
Brachial-ankle pulse wave velocity 0.747 <0.0001 0.391 <0.0001 −0.001 >0.99
Ankle-brachial pressure ratio 0.076 0.039 0.085 0.022 0.073 0.050

Hortega 2001 (N = 811)
Systolic blood pressure 0.537 <0.0001 0.341 <0.0001 0.095 0.0069
Diastolic blood pressure 0.245 <0.0001 0.197 <0.0001 0.090 0.010
Mean blood pressure 0.432 <0.0001 0.297 <0.0001 0.103 0.0034
eGFR −0.569 <0.0001 −0.326 <0.0001 −0.060 0.085
Plasma glucose 0.313 <0.0001 0.398 <0.0001 0.282 <0.0001
BMI 0.332 <0.0001 0.312 <0.0001 0.174 <0.0001
Waist circumference 0.422 <0.0001 0.365 <0.0001 0.185 <0.0001
Total serum cholesterol 0.160 <0.0001 0.159 <0.0001 0.094 0.0071
Total-to-HDL serum cholesterol ratio 0.168 <0.0001 0.382 <0.0001 0.344 <0.0001

r is the Pearson correlation coefficient. eGFR, estimated glomerular filtration rate derived from serum 
creatinine; pMTB-age, age as predicted by the plasma metabolomic profile; pMTB-age-R, residual of the 
regression of pMTB-age on C-age, reflecting accelerated aging as predicted by the pMTB-age, independent 
of C-age.
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component of bile acids secreted into the lumen of the 
small intestine that is necessary for the digestion of 
dietary fat and the absorption of long-chain fatty acids 
[30]. Glycine plays an important role in metabolic 
regulation and anti-oxidative reactions. Thus, this nu
trient has been used to prevent tissue injury; to enhance 
anti-oxidative capacity; to promote protein synthesis and 
wound healing; to improve immunity [30]; and to treat 
metabolic disorders in obesity, diabetes, CV disease, 
ischemia-reperfusion injuries, cancers [31], and various 
inflammatory diseases [29].

pMTB-age was strongly associated with metabolic 
traits, including glucose and lipid biomarkers, inde
pendent of C-age as evidenced by the significant asso
ciations with pMTB-age-R (Table 2). These findings 
imply that pMTB-age may serve as a sensitive indicator 
of subtle metabolic dysregulation, offering additional 
utility in identifying individuals at risk of metabolic 

diseases. The longitudinal analyses further supported the 
clinical relevance of pMTB-age, in terms of the increased 
risk of death and CV complications, in particular cardiac 
events and its components in the Flemish discovery 
cohort (Table 3; Fig. 5). Previous studies demonstrated 
that metabolomic profiles can predict specific health 
outcomes independent of C-age, such as CV endpoints 
and all-cause mortality [11, 14]. Furthermore, the 
present finding that pMTB-age-R selectively predicts 
myocardial infarction and atrial fibrillation aligns with 
the work by Wang and coworkers [11], which suggests 
that metabolomic aging clocks may capture organ- 
specific or pathway-specific mechanisms of biological 
aging, reinforcing the need for domain-specific bio
markers of biological aging. Unlike models based on 
mass spectrometry, the NMR-based pMTB-age offers a 
reproducible and scalable platform more suitable for 
large population studies [32].

Table 3. Association of the primary endpoints and their components with age in FLEMENGHO and Hortega

n/N (%) C-age pMTB-age pMTB-age-R

HR (95% CI) p value HR (95% CI) p value HR (95% CI) p value

FLEMENGHO
Total mortality 68/729 (9.33) 3.44 (2.72–4.34) <0.0001 2.55 (1.97–3.30) <0.0001 1.13 (0.89–1.43) 0.33

CV 22/729 (3.02) 7.68 (4.43–13.3) <0.0001 3.71 (2.42–5.67) <0.0001 1.42 (0.94–2.14) 0.096
Non-CV 42/729 (5.76) 2.54 (1.95–3.29) <0.0001 1.96 (1.38–2.77) 0.0001 0.96 (0.71–1.31) 0.80
Cancer 29/729 (3.98) 2.45 (1.80–3.35) <0.0001 1.90 (1.25–2.89) 0.0026 0.95 (0.66–1.37) 0.78

All CV endpoints 97/729 (13.3) 2.76 (2.31–3.28) <0.0001 2.33 (1.84–2.95) <0.0001 1.05 (0.86–1.29) 0.64
Cardiac endpoints 66/729 (9.05) 2.73 (2.21–3.37) <0.0001 2.81 (2.12–3.71) <0.0001 1.28 (1.00–1.63) 0.049
Coronary heart disease 34/729 (4.66) 2.54 (1.90–3.39) <0.0001 2.81 (1.96–4.03) <0.0001 1.43 (1.03–1.99) 0.035
Stroke 20/729 (2.74) 3.09 (2.05–4.67) <0.0001 1.80 (1.09–2.96) 0.021 0.80 (0.51–1.24) 0.31

Nonfatal CV events 89/729 (12.2) 2.44 (2.04–2.92) <0.0001 2.06 (1.60–2.64) <0.0001 1.02 (0.83–1.26) 0.85
Myocardial infarction 14/729 (1.92) 3.50 (2.06–5.93) <0.0001 3.52 (2.13–5.82) <0.0001 1.79 (1.12–2.86) 0.015
Atrial fibrillation 21/729 (2.88) 2.70 (1.84–3.96) <0.0001 3.06 (1.98–4.75) <0.0001 1.59 (1.06–2.37) 0.024

Hortega
Total mortality 220/811 (3.02) 3.49 (2.99–4.06) <0.0001 1.58 (1.42–1.75) <0.0001 0.94 (0.82–1.07) 0.35

CV 64/811 (7.89) 5.63 (3.83–8.28) <0.0001 1.50 (1.24–1.82) <0.0001 0.79 (0.61–1.03) 0.79
Non-CV 102/811 (12.6) 2.71 (2.26–3.26) <0.0001 1.61 (1.39–1.87) <0.0001 1.04 (0.86–1.26) 0.68
Cancer 59/811 (7.27) 2.05 (1.69–2.49) <0.0001 1.56 (1.28–1.90) <0.0001 1.10 (0.86–1.41) 0.44

All CV endpoints 138/811 (17.0) 3.12 (2.62–3.71) <0.0001 1.64 (1.45–1.87) <0.0001 1.02 (0.87–1.21) 0.79
Cardiac endpoints 86/811 (10.6) 3.51 (2.75–4.50) <0.0001 1.62 (1.37–1.90) <0.0001 0.97 (0.78–1.20) 0.97
Coronary heart disease 29/811 (3.58) 2.46 (1.77–3.42) <0.0001 1.54 (1.16–2.05) 0.0028 0.99 (0.69–1.44) 0.98
Stroke 45/811 (5.55) 3.38 (2.41–4.74) <0.0001 1.70 (1.36–2.12) <0.0001 1.07 (0.80–1.42) 0.67

Nonfatal CV events 111/811 (13.7) 2.89 (2.40–3.48) <0.0001 1.72 (1.50–1.98) <0.0001 1.14 (0.95–1.36) 0.16
Myocardial infarction 19/811 (2.34) 1.94 (1.37–2.75) 0.0002 1.61 (1.15–2.27) 0.0061 1.18 (0.77–1.81) 0.46
Atrial fibrillation 49/811 (6.04) 2.53 (1.93–3.31) <0.0001 1.65 (1.34–2.04) <0.0001 1.11 (0.84–1.45) 0.47

HRs, given with 95% CI, express the relative risk per 10-year increment in C-age, pMTB-age, or pMTB-age-R. The number of CV 
and non-CV does not add up to total mortality, because the cause of death was unknown in 4 FLEMENGHO and 54 Hortega 
participants. HR, hazard ratio; n/N, number of incident endpoints per number of individuals at risk; pMTB-age, age as predicted by 
the plasma metabolomic profile; pMTB-age-R, residual of the regression of pMTB-age on C-age, reflecting accelerated aging as 
predicted by the pMTB-age, independent of C-age; CV, cardiovascular; non-CV, non-cardiovascular.
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Strengths and Limitations
Strengths of the current study are the internal and 

external replication of the pMTB-age prediction model, 
the demonstration of the clinical relevance of pMTB-age 
and pMTB-age-R in relation to common risk factors in 
FLEMENGHO and Hortega, and more importantly, in 
relation to prospectively collected cardiac endpoints in 
FLEMENGHO, including both fatal and nonfatal events. 
The pMTB-age model is unbiased, because it does not 
depend on predefined markers but only on metabolites 
detectable by NMR. The current study was population- 
based (FLEMENGHO) or community-based (Hortega) 
and at baseline did not include severely ill patients as a 

proxy of aging and covered a wide age range. Not
withstanding these strong points, the present study must 
also be interpreted within the context of its limitations. 
First, NMR spectroscopy produces crowded spectra that 
cannot always be reliably deconvoluted into single 
metabolites. However, the mean bucket difference for all 
aliphatic spectral regions was 5.1% with a maximum of 
7.0% for the bucket containing the high-density apolipo
protein signal [17, 18]. Second, using NMR spectroscopy 
limited the number of unambiguously identified pMTBs to 
38, whereas other platforms, such as liquid chromatography- 
mass spectrometry, gas chromatography-mass spectrometry, 
or matrix-assisted laser desorption/ionization mass 

Fig. 5. Heat maps relating the 10-year risk of endpoints to 
C-age and pMTB-age in the FLEMENGHO derivation 
dataset constructed by multivariable-adjusted proportional 
hazards regression. Numbers in the grids in a represent the 
percent of participants within each cross-classification cat

egory between C-age and pMTB-age. Endpoints with a sig
nificant association with pMTB-age-R (Table 3) are plotted: 
CV mortality in b, all cardiac and coronary endpoints in 
c and d, nonfatal myocardial infarction in e, and new-onset 
atrial fibrillation in f.
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spectrometry, provide a much wider or focused range of 
pMTBs. However, given the large interindividual variability 
in the association between aging clocks and C-age (Fig. 4; 
online suppl. Fig. 5), more vs. less metabolites do not 
necessarily increase precision and reproducibility. Third, 
as is the case in all long-term cohort studies, attrition 
occurred. Using 1996–2005 data as reference, FLE
MENGHO participants analyzed were approximately 
2 years younger than those not analyzed. Declining 
further participation and seeking higher education or job 
opportunities outside the catchment area were the main 
drivers of attrition in FLEMENGHO. In the Hortega 
cohort, 20 participants (2.47%) were lost to follow-up. 
Excluding these participants with undocumented cause 
of death did not alter the associations of total mortality 
with C-age, pMTB-age, or pMTB-age-R. Fourth, the 
FLEMENGHO and Hortega cohorts were recruited in 
high-income countries, while low- and middle-income 
countries are transitioning rapidly from a disease 
burden dominated by communicable, maternal, neo
natal, and nutritional causes to noncommunicable 
diseases with vascular complication in the lead position. 
Fifth, whether the metabolomic aging signature im
proved risk prediction over and beyond established CV 
risk factors was not assessed, using discrimination or 
reclassification metrics. The justification was that 
metabolomic risk profiling is not readily available in 
day-to-day clinical practice and requires complex in
strumentation and expertise to interpret the crowded 
spectra [32], and that the goal of the current study was 
gaining insight in vascular aging rather than predicting 
outcome. However, all models were adjusted for tra
ditional risk factors. Finally, although the study focused 
on healthy vascular aging, direct vascular measure
ments were only available in the FLEMENGHO cohort 
but not in the Hortega cohort. Therefore, the concept of 
vascular aging in this study was partly inferred from CV 
outcomes and metabolomic signatures rather than fully 
characterized by arterial stiffness and hemodynamic 
parameters.

Conclusions

Aging is associated with a specific and reproducible 
shift in the plasma metabolomic signature captured by 
the multidimensional biomarker pMTB-age. With rep
lication in two European cohorts, pMTB-age reflects 
biological aging at the individual level. pMTB-age was 
strongly associated with metabolic traits, including 
glucose and lipid biomarkers and including six amino 

acids. The overrepresentation of glycine, serine, and 
threonine in the pathway analysis underscores the rel
evance of amino acid homeostasis in preventing age- 
associated vascular disease. Clinically, this supports the 
utility of pMTB-age as a personalized tool for identifying 
individuals with accelerated vascular aging, over and 
beyond what C-age can provide as information. 
Therefore, pMTB-age can guide risk stratification and 
the personalized and timely prevention and treatment 
tailored to an individual’s unique pMTB-age profile.
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