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Abstract  Aging-induced aortic stiffness has been 
associated with altered fatty acid metabolism. We 
studied aortic stiffness using cardiac magnetic reso-
nance (CMR)-assessed ventriculo-arterial coupling 
(VAC) and novel aortic (AO) global longitudinal strain 
(GLS) combined with targeted metabolomic profiling. 
Among community older adults without cardiovascu-
lar disease, VAC was calculated as aortic pulse wave 
velocity (PWV), a marker of arterial stiffness, divided 

by left ventricular (LV) GLS. AOGLS was the maxi-
mum absolute strain measured by tracking the pha-
sic distance between brachiocephalic artery origin 
and aortic annulus. In 194 subjects (71 ± 8.6 years; 
88 women), AOGLS (mean 5.6 ± 2.1%) was associ-
ated with PWV (R = −0.3644, p < 0.0001), LVGLS 
(R = 0.2756, p = 0.0001) and VAC (R = −0.3742, p 
<0.0001). Stiff aorta denoted by low AOGLS <4.26% 
(25th percentile) was associated with age (OR 1.13, 
95% CI 1.04–1.24, p = 0.007), body mass index (OR 
1.12, 95% CI 1.01–1.25, p = 0.03), heart rate (OR 
1.04, 95% CI 1.01–1.06, p = 0.011) and metabolites 
of medium-chain fatty acid oxidation: C8 (OR 1.005, 
p = 0.026), C10 (OR 1.003, p = 0.036), C12 (OR 
1.013, p = 0.028), C12:2-OH/C10:2-DC (OR 1.084, 
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p = 0.032) and C16-OH (OR 0.82, p = 0.006). VAC 
was associated with changes in long-chain hydroxyl 
and dicarboxyl carnitines. Multivariable models that 
included acyl-carnitine metabolites, but not amino 
acids, significantly increased the discrimination over 
clinical risk factors for prediction of AOGLS (AUC 
[area-under-curve] 0.73 to 0.81, p = 0.037) and VAC 
(AUC 0.78 to 0.87, p = 0.0044). Low AO GLS and 
high VAC were associated with altered medium-chain 
and long-chain fatty acid oxidation, respectively, 
which may identify early metabolic perturbations in 
aging-associated aortic stiffening.
Trial registration  Clini​calTr​ials.​gov Identifier: 
NCT02791139

Keywords  Aorta · Strain · Stiffness · 
Metabolomics · Aging · Cardiovascular

Introduction

Aortic stiffness is widely acknowledged as a marker 
of vascular aging. This implies that aortic stiffness 
should be a rational target for clinical trials into 
human aging or longevity medicine. However, in con-
trast to the wealth of the knowledge about aortic stiff-
ness and its strong position as a hallmark of human 
cardiovascular aging, there is far less work on how 
to modify vascular aging. Understanding molecular 
perturbations that occur beneath the clinical phenom-
enon of aortic stiffness may advance more research 
into vascular aging therapeutics.

In the area of cardiovascular risk stratification, 
metabolomics is increasingly used to complement 
traditional risk-scoring systems to provide finer car-
diovascular risk stratification, for more mechanistic 
prediction of cardiac events in cardiovascular disease 
cohorts [1–3]. In line with disrupted energy pathways 
that characterize aging, alterations in fuel metabolism 
including mitochondrial dysfunction and/or defects 
in fatty acid β-oxidation [4] have been described in 
aortic stiffness. Specifically, using a target metabo-
lomics approach, our prior work detected associations 
between arterial stiffness as measured by applanation 
tonometry and acyl-carnitines [4]. When used in con-
junction with modern human imaging techniques [5], 
signals from metabolomics provide an opportunity to 
use blood-based strategies, targeted towards specific 
metabolic pathways to intervene on vascular aging.

On the other hand, our understanding about 
the aorta is incomplete without considering the 
mechanical connection between the AO and the left 
ventricle (LV). Firstly, movement of the aortic valve 
plane arising from LV contraction causes longitu-
dinal movement of the ascending aorta [6, 7]. Sec-
ondly, longitudinal movement of the aorta occurs at 
the proximal aorta [6, 7] but also at the brachioce-
phalic trunk as well. These longitudinal strains on 
the aorta are unaccounted for by current conven-
tional markers, including aortic pulse wave velocity 
(PWV) [8], diameter [9], distensibility [10] and aor-
tic area change [10, 11], all of which assess stiffness 
solely by examining circumferential changes within 
the aorta.

Considering current drawbacks in aortic assess-
ment, we developed a novel parameter, known as AO 
global longitudinal strain (GLS), to assess longitudi-
nal strain of the ascending aorta that considers both 
the longitudinal movement of the aortic valve and 
the brachiocephalic trunk. We hypothesize that AO 
GLS would represent a more comprehensive marker 
of aortic strain. Apart from being correlated to PWV, 
we further hypothesize that mechanically, AO GLS 
would correlate with ventriculoarterial coupling 
of the LV. We also test the hypothesis that targeted 
metabolomics profiling involving acylcarnitines and 
amino acids which have been observed in association 
with changes in LV function in older adults [12] will 
characterize specific metabolic pathways associated 
with AO strain functions and ventriculoarterial cou-
pling in these fuel-dependent tissues, AO and LV.

Methods

Study population

The subjects were recruited from the Cardiac Aging 
Study (CAS), which was previously described 
[13]. The current study cohort consisted of men 
and women who participated in the baseline CAS 
examination and who had no self-reported history 
of physician-diagnosed cardiovascular disease (such 
as coronary heart disease or stroke) or cancer. Writ-
ten informed consent was obtained from participants 
upon enrolment. The local institutional review board 
(2014/628/C) had approved the study protocol.

http://clinicaltrials.gov
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Cardiac magnetic resonance (CMR) acquisition and 
analysis

The CMR acquisition protocol was previously pub-
lished [13].

AO and LV global longitudinal strain

We used an in-house semi-automatic algorithm to 
evaluate the ascending AO GLS by feature track-
ing the displacement of the aortic valve relative to 
the origin of the brachiocephalic artery. The move-
ment of the aortic annulus and the origin of the bra-
chiocephalic artery from the aorta was automatically 
tracked over the cardiac cycle in Arch, LVOT and 
coronal LVOT views (Fig.  1a–c). The trajectory of 
the centroid derived from four aortic annular points 
was simulated (Fig.  1). The distance (L) from the 
brachiocephalic artery to the centroid was calcu-
lated throughout the cardiac cycle. Longitudinal 
strain at a time point (t) relative to the initial time 
point (time 0) at end-diastole was calculated as (L(t) 
− L(0))*100/L(0), and the AO GLS was defined as 
the maximal absolute strain value. Based on cine 
four-chamber CMR images, the LV endocardium was 
tracked by one reader (X.D.Z.) blinded to all partici-
pant characteristics, and LV GLS was automatically 
obtained by using dedicated QStrain software (Ver-
sion 2.0, Medis BV, Leiden, The Netherlands). As LV 

GLS was negative and the calculated direction was 
different from AO GLS, we took their absolute values 
for a simple interpretation. Twenty random subjects 
were selected to assess the intra- and inter-observer 
variability of AO GLS performed by two independ-
ent operators (H.Z.Z. and S.L.). Feature tracking was 
performed twice with an interval of 1 month by the 
first operator (H.Z.Z.) to assess intra-observer vari-
ability. Correlation and Bland-Altman analyses were 
conducted to investigate intra- and inter-observer var-
iabilities (Supplementary Figure S1).

Aortic arch PWV

Aortic arch PWV (AA PWV) was assessed by 2D 
phase-contrast CMR in a segment that includes part 
of the ascending aorta, the aortic arch and the proxi-
mal descending aorta. The contours of the ascending 
and descending aorta were automatically detected in 
all phases of the cardiac cycle by using the MASS 
software (Version 2109EXP, Leiden University Medi-
cal Center, Leiden, The Netherlands). The transit 
time (Δt) between two velocity-time curves of the 
ascending and descending aorta was automatically 
calculated by using the half-max method of MASS 
software. The length between the ascending and 
descending aorta was measured manually along the 
aortic intra-luminal center-line from the arch view. 
The AA PWV was calculated by dividing the length 

Fig. 1   Measurement method of ascending aorta (AO) global 
longitudinal strain (GLS). A. Tracking the landmarks on the 
brachiocephalic artery from the aorta (a, red star), left ven-
tricular outflow tract (LVOT) (b, green squares) and coronal 
LVOT (b, yellow dots) views. B. Schematic diagram of feature 
tracking. The trajectory of the centroid (red star) derived from 
four aortic annular points was calculated. The distance (L(t), 

the red dotted line) between two red stars was automatically 
tracked throughout the cardiac cycle in 3D space. C. Longitu-
dinal strain (LS) curve. LS at a time point (t) relative to the ini-
tial time point (time 0) at end-diastole was calculated as (L(t) 
− L(0))*100/L(0), and the AO GLS was defined as the maxi-
mal absolute strain value
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into the transit time (Δt) (Supplementary Figure S2a-
c). Correlation and Bland-Altman analyses were con-
ducted to investigate intra- and inter-observer vari-
abilities (Supplementary Figure S3).

Metabolomic profiling

In brief, serum samples (50 μl) were spiked with 10 
μl deuterium-labeled amino acid mixture and diluted 
with 400 μl methanol. After centrifugation of the 
mixture at 17,000 g for 5 min at 4 °C, the superna-
tant fraction was collected (10 μl) for amino acid 
analysis. A pooled quality control (QC) sample was 
prepared by mixing equal amounts (10 μl) of each 
extracted serum sample. Extraction and measure-
ment of amino acid panels (quantified in units of μM) 
were performed as previously described [12]. Extrac-
tion and measurement of acyl-carnitine were per-
formed as previously described [14] (more details in 
Supplementary).

Statistical analysis

All variables are displayed as mean ± SD for continu-
ous data and frequency and percentage for categorical 
data. Cardiovascular risk factor 2 (CVRF2) was defined 
as the presence of any two or more cardiovascular risk 
factors (hypertension, dyslipidemia, ever smoked). We 
defined aorta low as the AO GLS was below than 25th 
percentile [15] of the cohort. Low AO GLS indicated 
high aortic stiffness, while higher PWV indicated high 
aortic stiffness. The ratio of AA PWV to LV GLS was 
used to assess ventriculo-arterial coupling (VAC) [16]. 
We defined high AA PWV/LV GLS as the VAC was 
higher than the average of the cohort. The associa-
tions between AO GLS and AA PWV and LV GLS 
were assessed by Pearson correlation. We analyzed 88 
metabolites comprising 71 acyl-carnitine metabolites 
and 17 amino acid metabolites. The list of measured 
metabolites is presented in Supplementary Table A.

Univariate logistic regression of clinical factors 
was performed between the high AO GLS (low aor-
tic stiffness) group and low AO GLS (high aortic 
stiffness) group. The odds ratio (OR) and the 95% 
confidence interval (CI) were presented. All clini-
cal risk factors that show OR with p value <0.05 for 
predicting low AO GLS (high aortic stiffness) in uni-
variate analysis were further included in multivari-
able logistic regression models. Receiver operating 

characteristic (ROC) analysis was performed to assess 
the clinical utility of clinical risk factors for predict-
ing low AO GLS (high aortic stiffness). The associa-
tion between metabolites and AO GLS was identified 
in three steps. Firstly, univariate logistic regression of 
metabolites for aorta low was conducted respectively 
to identify significant metabolites with p value <0.05. 
Secondly, multivariable logistic regression adjust-
ing for significant clinical risk factors was performed 
for each metabolite that showed an association with p 
value <0.05 in univariate analysis. Thirdly, significant 
clinical factors in univariate analysis and significant 
metabolites with p value <0.05 in multivariable anal-
ysis were further included in multivariable logistic 
regression. Using ROC analysis, we compared mod-
els with clinical factors with models that included 
significant metabolites to predict low AO GLS (high 
aortic stiffness). Similarly, multivariable logistic 
regression was performed for VAC using significant 
clinical factors in the univariate analysis and signifi-
cant acyl-carnitines with p value <0.05 in multivari-
able analysis. ROC analysis compared models with 
clinical factors with models that included significant 
metabolites to VAC. All statistical analyses were per-
formed using STATA 18 (College Station, TX, USA). 
For all analyses, a two-tailed p value of <0.05 was 
considered significant.

Results

We analyzed a total of 194 participants (mean age 
71±8.6 years, 88 women) that have all available CMR 
image views to obtain the AO GLS and AA PWV. 
The cutoff value 4.26% of AO GLS was identified to 
distinguish low versus high AO GLS. Table 1 shows 
clinical characteristics and AO GLS of participants in 
the overall cohort, and high versus low AO GLS. The 
average AO GLS is 5.6 ± 2.1% in the overall cohort. 
Hypertension (55.7%), diabetes mellitus (48.5%), 
dyslipidemia (20.6%) and smoking (15.0%) were the 
most common associated comorbidities of partici-
pants; 24.7% of participants had two or more risk fac-
tors (dyslipidemia, hypertension, smoking). Systolic 
and diastolic blood pressures were 147 ± 16 mmHg 
and 74 ± 11 mmHg respectively in this study sample.

AO GLS was negatively associated with AA PWV 
(r =−0.3644, p < 0.0001) (Supplementary Figure 
S4A). AA PWV in low AO GLS (high aortic stiffness) 
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was higher than high AO GLS (low aortic stiffness) 
group (9.7 ± 3.6 m/s vs 8.6 ± 2.7 m/s, p = 0.027). 
AO GLS was positively associated with LV GLS (r 
=0.2756, p = 0.0001) (Supplementary Figure S4B).

LV GLS in the low AO GLS (high aortic stiff-
ness) group was lower than the high AO GLS (low 
aortic stiffness) group (19 ± 2.4% vs 21 ± 2.8%, p 
< 0.0001). AO GLS was negatively associated with 
VAC (r =0.3742, p < 0.0001).

Univariate logistic regression revealed that the 
determinants of low AO GLS (high aortic stiffness) 
were age, body mass index (BMI), heart rate, hyper-
tension, smoking and CVRF2. We only included 
CVRF2 into the multivariable model as CVRF2 
contained hypertension and smoking. Multivariable 
logistic regression showed that low AO GLS (high 
aortic stiffness) was associated with older age (OR: 
1.13, 95% CI: 1.03–1.24), higher BMI (OR: 1.12, 
95% CI: 1.01–1.25) and elevated heart rate (OR: 1.04, 
95% CI: 1.01–1.06) (Supplementary Table S1: clini-
cal model 1). The area under the ROC curve (AUC) 
was 0.73 in this model (clinical model 1).

Amino acids associated with low AO GLS are 
displayed in Table  S2. Low AO GLS (high aortic 

stiffness) was associated with isoleucine (OR: 1.006, 
95% CI: 1.0003–1.012), ornithine (OR: 1.01, 95% 
CI: 1.0005–1.022) and proline (OR: 1.005, 95% CI: 
1.0004–1.009) in univariate logistic regression. After 
adjusting for age, BMI, heart rate and CVRF2, these 
amino acids showed no significant association with 
low AO GLS (high aortic stiffness) (Supplementary 
Table S2). These amino acids were not statistically 
significant in the multivariable logistic regression 
model combined with significant clinical risk factors 
(Supplementary Table S3). Levels of the identified 
metabolites are summarized in Supplementary Table 
S4.

Table  2 shows the results of univariate logistic 
regression of acyl-carnitines for low AO GLS (high 
aortic stiffness) and multivariable analysis of sig-
nificant acyl-carnitines adjusting for age, BMI, heart 
rate and CVRF2. Low AO GLS (high aortic stiff-
ness) was associated with C8, C10, C12, C12:2-OH/
C10:2-DC, C14, C16:1 and C16-OH in univariate 
analysis (p < 0.05 for all). After adjusting for sig-
nificant clinical risk factors, low AO GLS (high 
aortic stiffness) remained associated with C8 (OR: 
1.005, 95% CI: 1.0006–1.01), C10 (OR: 1.003, 

Table 1   Baseline clinical characteristics between AO GLS high group and AO GLS low group and univariate logistic regression for 
predicting low AO GLS

Parameters Overall  
(n = 194)

High AO GLS  
(n = 145)

Low AO GLS  
(n = 49)

OR (95% CI) p value

Age (year) 71 ± 8.6 70 ± 9.5 73 ± 4.0 1.13 (1.04, 1.23) 0.006
Female, n (%) 88 (45.4%) 71 (49.0%) 17 (34.7%) 0.55 (0.28, 1.09) 0.085
Weight (kg) 60 ± 10.2 59 ± 9.4 62 ± 12.0 1.03 (1.0, 1.06) 0.055
Height (cm) 160 ± 8.1 160 ± 8.1 160 ± 8.1 1.00 (0.96, 1.04) 0.99
Body surface area (m2) 1.6 ± 0.2 1.6 ± 0.2 1.6 ± 0.2 4.47 (0.56, 36) 0.16
Body mass index (kg/m2) 24 ± 3.4 23 ± 3.3 24 ± 3.5 1.11 (1.006, 1.22) 0.038
Systolic blood pressure (mmHg) 147 ± 16.4 146 ± 17.4 148 ± 13.2 1.01 (0.99, 1.03) 0.48
Diastolic blood pressure (mmHg) 74 ± 10.8 74 ± 10.7 77 ± 10.7 1.03 (1.0, 1.06) 0.068
Heart rate (bpm) 74 ± 13.3 73 ± 13.5 78 ± 11.9 1.03 (1.004, 1.05) 0.024
Hypertension, n (%) 108 (55.7) 73 (50.3) 35 (71.4) 2.47 (1.22, 4.97) 0.012
Dyslipidemia, n (%) 40 (20.6) 27 (18.6) 13 (26.5) 1.58 (0.74, 3.37) 0.24
Diabetes mellitus, n (%) 94 (48.5) 71 (49.0) 23 (46.9) 0.92 (0.48, 1.76) 0.81
Smoking, n (%) 29 (15.0) 16 (11.0) 13 (26.5) 2.91 (1.28, 6.61) 0.011
CVRF2, n (%) 48 (24.7) 30 (20.7) 18 (36.7) 2.23 (1.10, 4.51) 0.026
LV GLS (%) −21 ± 2.8 −21 ± 2.8 −19 ± 2.4 1.33 (1.16, 1.53) <0.0001
AA PWV (m/s) 8.9 ± 3.0 8.6 ± 2.7 9.7 ± 3.6 1.12 (1.01, 1.25) 0.0303
VAC −0.44 ± 0.19 −0.42 ± 0.17 −0.51 ± 0.22 0.08 (0.01, 0.43) 0.0026
AO GLS (%) 5.6 ± 2.1 6.3 ± 1.9 3.5 ± 0.6
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95% CI: 1.0002–1.006), C12 (OR: 1.013, 95% CI: 
1.001–1.025), C12:2-OH/C10:2-DC (OR: 1.084, 95% 
CI: 1.007–1.17) and C16-OH (OR: 0.82, 95% CI: 
0.71–0.94).

We evaluated the AUC of adding each significant 
metabolite identified from the multivariable adjusted 
analysis to the clinical model 1 (Fig.  2). Model E 
included all significant metabolites (AUC 0.8057), 
while model D had the highest AUC (AUC 0.8062). 
Compared to the baseline clinical model 1, both 
model E (p = 0.0286) and model D (p = 0.0374) 
had incrementally improved the AUC for predicting 
low AO GLS (Fig. 3A). Overall, AO GLS associated 
mostly with changes in medium-chain acyl-carniti-
nes, implicating this part of the fatty acid oxidation 
machinery in aortic function.

In contrast, VAC was associated with changes 
in long-chain hydroxyl and dicarboxyl carnitines 
(Table  3). These differences may point to other 
aspects of fatty acid handling that are important in 
ventriculoarterial interactions. The AUC of a model 
that contained significant metabolites and clinical 
covariates was 0.87 and was significantly higher than 
a model containing clinical covariates alone (p = 
0.0044) (Fig. 3B).

Discussion

Longitudinal stretching of the ascending aorta was 
assessed by a novel index, AO GLS, via conventional 
cine CMR images, utilizing longitudinal movement 
of the aortic valve and aortic arch simultaneously. 
We characterized AO GLS by clinical risk factors 
and metabolites representative of aging in a human 
cohort. Low AO GLS (high aortic stiffness) was asso-
ciated with aging, elevated heart rate, higher BMI, 
hypertension, smoking, medium- and long-chain 
acyl-carnitine and amino acid metabolites. AO GLS 
characterizes the aging human aorta in a more in-
depth manner. By extending aortic observations into 
the LV, our results provide novel insights into fuel 
oxidation processes that occur in these critical tissues.

AO GLS and ventriculo‑arterial coupling

The ascending aorta is anatomically and mechani-
cally connected to the LV and aortic arch, which 
plays a pivotal role in buffering pulsatile stress from Ta
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ventricular contraction and transmitting blood to the 
periphery [17]. The constant mechanical and physi-
ologic interplay between the heart and arterial system 

is known as VAC, which can be assessed by the 
ratio of PWV to LV GLS18. The absolute PWV/GLS 
ratio was higher in hypertensives than in controls. 

Fig. 2   Depiction of AUC 
based on significant metab-
olites for predicting low AO 
GLS. Model A: Clinical 
model 1 and C16-OH; 
Model B: Clinical model 
1 and C16-OH and C8; 
Model C: Clinical model 
1 and C16-OH and C8 and 
C12; Model D: Clinical 
model 1 and C16-OH and 
C8 and C12 and C12:2-OH/
C10:2-DC; Model E: Clini-
cal model 1 and C16-OH 
and C8 and C12 and C12:2-
OH/C10:2-DC and C10

Fig. 3   Comparison of AUC 
between models. A: Clini-
cal model 1 versus model D 
(p = 0.0374) and between 
clinical model 1 versus 
model E (p = 0.028), for 
predicting low AO GLS; B: 
Clinical covariates versus 
clinical covariates and 
metabolites, for predicting 
VAC (p = 0.0044)
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The PWV/GLS ratio has been a superior marker of 
VAC compared to the traditional echocardiographic 
derived Ea/Ees [18]. Longitudinal strain of ascending 
aorta had been a novel imaging parameter for assess-
ing aortic stiffness [6]. In this study, we observed that 
AO GLS was correlated with the absolute AA PWV/ 
LV GLS ratio among older adults, indicative of the 
mechanical value of AO GLS as a biomarker of the 
central aortic system that is linked to the heart.

AA PWV is a crucial quantitative parameter that 
has been widely used to assess the bioelastic func-
tion of the aorta and serves as a pathogenic marker 
in cardiovascular disease. Consistent with the partial 
results of Vanessa et al. [6], we also observed a nega-
tive correlation between AO GLS and AA PWV. The 
difference in tracking site and direction of stiffness 
may be the reasons for the low correlation coefficient.

LV GLS, a sensitive marker of myocardial function, 
has been demonstrated to be an independent predic-
tor of prognosis for a variety of cardiac and vascular 
diseases, such as hypertension, heart failure, aortic 
stenosis and coarctation of the aorta [19]. Longitudi-
nal strain was independently related to the aortic root 
dilation rate and aortic events in vascular diseases [7]. 
We observed a positive correlation between AO GLS 
and LV GLS, which further confirmed the longitudinal 
interplay between the ascending aorta and the LV [20].

AO GLS and metabolomics

Circulating metabolites have been associated with the 
development of aortic stiffness assessed by PWV in 
vascular aging [4, 21]. However, beyond changes in 
aortic distensibility, restricted longitudinal stretching 
of cells and fibrous tissue in the aortic wall occurs as 
well, resulting in aortic stiffness in the longitudinal 
direction. In our present study, we integrate advanced 
CMR imaging with serum metabolomic signals to 
assess the features of longitudinal aortic stiffness and 
metabolite patterns in older adults. We observed links 
between AO GLS and circulating acyl-carnitines and 
amino acids.

Acyl-carnitines are intermediates in the mito-
chondrial oxidation of fatty acid fuels [22]. Higher 
circulating levels of medium- and long-chain acyl-
carnitines have been associated with increased arte-
rial stiffness in patients with cardiovascular diseases 
[23], type 2 diabetes [24] or in older subjects with-
out cardiovascular disease [4]. Our study found that 

higher levels of medium-chain acyl-carnitines were 
associated with low AO GLS and thus high aortic 
longitudinal stiffness. Our previous studies examining 
arterial stiffness as assessed by PWV also noted this 
positive correlation between medium/long chain acyl-
carnitines and vascular stiffness [4]. We hypothesized 
that the increased accumulation of these metabolic 
intermediates is a result of changes in mitochondrial 
oxidation of fatty acids. However, in this study we 
also noted an inverse relationship between C16-OH 
and AO GLS which differs from the trends noted in 
our previous studies. C16-OH represents a hydroxy-
lated intermediate of palmitate metabolism which 
can be either be generated during the beta oxidation 
spiral or by the process of alpha oxidation, which 
occurs mainly in peroxisomes instead of the mito-
chondria [25–28]. In either case the negative associa-
tion between C16-OH carnitine and AO GLS sug-
gests a divergence in tissue handling of shorter fatty 
acid fuels (i.e. C8, C10 and C12) which accumulate 
in the subjects with low AO GLS and longer chain 
fuels (C16) which are decreased in low AO GLS. The 
findings suggest that defects in medium chain fatty 
acid oxidation may be linked to impaired longitudi-
nal aortic function. Our assessment of fuel metabo-
lism and ventricular function found a similar pattern 
where medium chain acyl-carnitines were higher in 
patients with high VAC. In contrast, long chain fatty 
acid intermediates, which are frequently linked to left 
ventricular diseases, were positively associated with 
high VAC. The difference in relationship between 
long chain fatty acid oxidation and aortic versus ven-
tricular function highlights potential differences in 
the response of these different tissues to changes in 
fuel metabolism (Fig. 4).

Amino acid profiling was included in our targeted 
metabolomic approach as branched-chain amino acids 
have been implicated in aortic stiffness via inflam-
matory and oxidative stress pathways [29], includ-
ing perturbations in lipid metabolism [30]. Despite 
observations between isoleucine, ornithine and pro-
line, with AO GLS at the univariate level, we did 
not observe significant associations between amino 
acid metabolites and AO GLS at the multivariable 
level. However, isoleucine, one of the branched-chain 
amino acids (BCAAs), has been linked to aortic stiff-
ness by pulse wave velocity [31]. As branched chain 
amino acids (BCAA), isoleucine and leucine are 
also frequently found altered in metabolic diseases 
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including heart failure [32]. The lack of association 
after adjustments for clinical variables between these 
amino acid metabolites and AO GLS in our sample 
may be multifactorial but could be related to inherent 
characteristics within our sample of participants with-
out cardiovascular disease, compared to studies that 
have included heart failure patients with advanced 
cardiovascular disease.

For risk stratification, circulating metabolites aug-
mented the ability of traditional risk factors to predict 
aortic stiffness in older adults. This upstream phe-
nomenon observed in our community older adults 
expands the ability of metabolomics to act as a bio-
marker for cardiovascular risk prediction, such as 
in disease cohorts [23]. In a study of older adults at 
higher cardiovascular risk, medium- and long-chain 

Fig. 4   Schematic representation of mitochondrial pathways 
indicated by aortic longitudinal strain and ventriculo-arterial 
coupling. From the blood stream, fuel precursors enter the 
cell and undergo oxidative processes resulting in the produc-
tion of acetyl-CoA. Fuel precursors enter the mitochondria and 
may undergo beta oxidation with progressive chain shortening 
leading to generation of acetyl CoA. Long chain fatty acids 
may also enter the endoplasmic reticulum to undergo alpha 
and omega-oxidation, which yields dicarboxyl and hydroxyl 
intermediates. Dicarboxyl and hydroxyl fatty acids CoAs enter 
the peroxisome to undergo chain shortening before eventu-

ally moving to the mitochondria for beta oxidation. Integrat-
ing advanced CMR imaging with serum metabolomics, levels 
of medium-chain acyl-carnitines (C8, C10, C12, C12:2-OH/
C10:2-DC) were associated with aortic longitudinal strain, 
suggesting alterations in medium chain fatty acid oxidation 
as part of the process which alters aortic longitudinal strain. 
Accumulations of long chain dicarboxyl and hydroxyl fatty 
acid intermediates seen in association with ventriculo-arterial 
coupling may indicate disruption of alpha and omega oxidation 
in the left ventricle
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acyl-carnitines improved the prediction accuracy of 
cardiovascular events [33]. Medium-chain acyl-carni-
tine (C8 and C12:2-OH/C10:2-DC) and C16-OH had 
also been previously shown predictive of aortic stiff-
ness assessed by non-CMR technique [4].

Finally, our observations add to the body of litera-
ture linking mitochondrial pathways to human aging, 
specifically towards vascular aging in the aorta and in 
coupling to the left ventricle. These findings may be 
used to inform on therapeutic strategies that alter vas-
cular and myocardial metabolic remodeling, such as 
in promoting fatty acid utilization in the myocardium 
[34], or in ameliorating arterial stiffness [35].

Limitations

We acknowledge limitations to our study. The sam-
ple size of the analyzed cohort was relatively small 
despite statistically significant associations. Despite 
low sample power, these participants were from a 
low-risk community cohort for which observed rela-
tionships are likely to be underestimated, rather than 
over-estimated. Although these metabolites represent 
a small portion of the human metabolome, they report 
on critical pathways for cellular metabolism. With 
cross-sectional data alone it is difficult to differenti-
ate between causation, consequence and association. 
Longitudinal follow-up data and clinical outcomes 
are needed to rationalize these findings. However, the 
associations between imaging biomarkers and metab-
olomics identified in this study are novel, and these 
markers have been associated with cardiovascular dis-
ease in individual studies as previously discussed. It 
is thus reasonable that there exist plausible relation-
ships between early imaging findings and these meta-
bolic processes which deserve further inquiry. Partici-
pants were not specifically instructed to perform an 
overnight fast prior to serum sampling. Non-fasting 
serum samples may produce analytic differences 
compared to other cohorts that use fasting samples. 
However, our practice is aligned with other cohort 
studies that have found that fasting did not contribute 
to variability in the measurement of most metabolites 
[36]. We present AO GLS obtained by this method as 
a novel imaging biomarker that may be relevant for 
human aging studies. Without prior reference values, 
we used the 25th percentile to define high aortic stiff-
ness albeit with promising results. Future replication 

and corroboration of this method would be helpful to 
validate these cutoffs.

Conclusions

AO GLS, a novel parameter of aortic stiffness, stud-
ied in tandem with ventriculo-arterial coupling, was 
associated with aging and cardiovascular risk factors 
among a community cohort of older adults. Integrat-
ing advanced CMR imaging with serum metabo-
lomics, levels of medium-chain acyl-carnitines were 
associated with aortic longitudinal strain, suggesting 
alterations in medium chain fatty acid oxidation as 
part of the process which alters aortic longitudinal 
strain. Accumulations of long chain dicarboxyl and 
hydroxyl fatty acid intermediates seen in association 
with ventriculo-arterial coupling may indicate disrup-
tion of alpha and omega oxidation in the left ventri-
cle. AO GLS may be a novel risk stratification tool to 
identify early metabolic perturbations associated with 
aortic stiffness in human aging.
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