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ABSTRACT

Background

Physical activity has been traditionally used to maintain health, promote total well-being, and prescribed as
part of holistic approach to disease treatments such as cardiovascular disease. In ageing adults, physical
activity has purported benefits ranging from improvements in aerobic capacity and skeletal muscle function.
However, ageing is frequently accompanied by other changes in the body systems such as loss of skeletal
muscle mass, frailty, cardiorespiratory functions and dysmetabolism, which produces heterogenous effects
of physical activity on aged adults. These heterogeneities often influence targets used to measure the
effectiveness of exercise on health outcomes. For example, body mass index (BMI) is frequently used as a
target of exercise regimens. However, BMI in aged adults may be reduced due to loss of skeletal muscle
mass as part of sarcopenic processes in ageing, rendering BMI less accurate as a conventional outcome for
exercise. Lipids profiles alone are also insufficient to address the impact of ageing on health outcomes,
given that ageing of the cardiovascular system for instance, may march on, independent of lipid levels in
the blood. Therefore, there is a lack of a converging marker that can be used to measure/assess the effect of
lifestyle habits such as physical activity, commonly recommended as a longevity tool, which is suitable for
aged adults. In the field of cardiovascular ageing, there is a critical need to identify suitable biomarkers that
can be used as exercise targets are necessary to measure the effects of exercise on aged adults. Since ageing
is a life course phenomenon, dynamic lifestyle factors such as physical activity, alcohol use and food intake
can alter the course of physical ageing. Given that these dynamic factors all converge upon the human
metabolome, metabolomics might provide a comprehensive and integrated picture of these lifelong
environmental exposures, alongside exercise as a frequently practised intervention to alter the course of

ageing.



Objective
The principal aim of the proposed research is to examine how metabolomics may be used as measurable
biomarkers that represents the convergence of all physiological processes that occur with ageing, which

accounts for the effect of exercise on the sum of these processes.

Research Questions

1. Would metabolomics biomarkers identified from blood samples of older adults be associated with
cardiovascular ageing, as defined by changes in cardiac structure and function?

2. Would metabolomics biomarkers identified in (1) differentiate between physical activity levels,
i.e., high versus low physical activity practices, among older adults with cardiovascular ageing?

3. Is there a better measure of cardiovascular health outcome, compared to traditional markers such
as body mass index?

4. Recognising the need to incorporate multiple biological inputs, would an expansive machine
learning (ML) approach help rank key factors that determine healthy cardiovascular health in

ageing?

Methodology

To answer these questions, we will use data from a cohort study of older adults recruited from community
population. The Cardiac Ageing Study (CAS) is a community-based study of middle aged to older adults
(mean age 72+4 years) examined in 2014-2017 who did not have clinical cardiovascular disease (CVD) at
baseline. In CAS, we characterised CV structure and function using novel cardiovascular imaging
techniques. We found that these imaging markers defined individuals with worse structural and functional
alterations that likely represent cardiovascular ageing. In conjunction with physical activity, skeletal
muscle mass, dietary capture and circulating metabolites in this population, this cohort will provide the data
to answer these research questions. Furthermore, apart from cross-sectional analytical approaches, we will
include biomarker samples obtained at time points over longitudinal follow-up to chart changes in CV

9



longevity over time. In such an endeavour that involves multiple biological inputs, an expansive machine
learning (ML) approach will additionally help identify key factors that determine healthy cardiovascular
longevity. We will use machine learning techniques to analyse these multiple inputs. The automatic feature
detection of machine learning will efficiently detect the association between the combination of

metabolomics features, exercises and cardiac health.

Prior publications that support this thesis:

e Koh AS, Gao F, Leng S, Kovalik JP, Zhao X, Tan RS, Fridianto KT, Ching J, Chua SJ, Yuan JM,
Koh WP and Zhong L. Dissecting Clinical and Metabolomics Associations of Left Atrial Phasic
Function by Cardiac Magnetic Resonance Feature Tracking. Sci Rep. 2018;8:8138-26456.

This paper integrates clinical and metabolomics signals for left atrial phasic function in older adults.
We found that left atrial function alterations were a marker of cardiovascular ageing in older adults and
medium and long chain acylcarnitines including amino acids such as serine, citrulline and valine were
associated with phases of left atrial function. By integrating these clinical and metabolomics signals of
left atrial function, metabolite signals may be useful for advancing mechanistic understanding of LA

disease in future studies.

e Gao F, Kovalik JP, Zhao X, Chow VJ, Chew H, Teo LL, Tan RS, Leng S, Ewe SH, Tan HC, Tan
TY, Lee LS, Ching J, Keng BM, Zhong L, Koh WP and Koh AS. Exacerbation of cardiovascular
ageing by diabetes mellitus and its associations with acyl-carnitines. Aging (Albany NY).
2021;13:14785-14805.

This paper highlights the work we did to define relationships between acylcarnitines and cardiovascular
function in ageing. We found that distinct alterations in fuel oxidation pathways in short chain and long
chain acyl-carnitines, di-carboxyl and hydroxylated acyl-carnitines. These links between fuel oxidation
pathways in older adults were associated with impairments in myocardial relaxation and worse left atrial

function, likely reflecting early disturbances in diastolic function.
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o Kovalik JP, Zhao X, Gao F, Leng S, Chow V, Chew H, Teo LLY, Tan RS, Ewe SH, Tan HC, Wee
HN, Lee LS, Ching J, Keng BMH, Koh WP, Zhong L and Koh AS. Amino acid differences
between diabetic older adults and non-diabetic older adults and their associations with
cardiovascular function. J Mol Cell Cardiol. 2021,158:63-71. doi:
10.1016/j.yjmcc.2021.05.009.:63-71.

This paper highlights the work we did to define relationships between amino acids and cardiovascular
function in ageing. We found correlations between metabolites in the one-carbon and nitrogen handling
pathways and ageing heart functions. These findings point to a potential role for changes in nitrogen

handling in the pathogenesis of heart failure in older subjects.

o KohAS, Gao F, Tan RS, Zhong L, Leng S, Zhao X, Fridianto KT, Ching J, Lee SY, Keng BMH,
Yeo TJ, Tan SY, Tan HC, Lim CT, Koh WP and Kovalik JP. Metabolomic correlates of aerobic
capacity among elderly adults. Clin Cardiol. 2018;41:1300-1307.

Combining echo-based and CMR-based imaging techniques to characterise cardiac ageing, this paper
investigated metabolomics markers in relation to aerobic capacity. We found that low physical activity,
associated with deleterious changes in cardiovascular structure and function, was distinguished by a
metabolomic signature of wide-spectrum acylcarnitines and several amino acids. Combined cardiac and
metabolomics phenotyping may be useful for tracking future interventions related to physical activity

among community cohorts.

e YH Tan, JP Lim, WS Lim, F Gao, LLY Teo, SH Ewe, BMH Keng, RS Tan, WP Koh, Koh AS.
Obesity in Older Adults and Associations with Cardiovascular Structure and Function. Obesity

Facts, 2022.
This paper evaluated body mass index versus percentage fat mass in determining cardiovascular

structure and function in older adults. Waist circumference, rather than body mass index, identified
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higher prevalence of obesity. Across body mass index categories, waist circumference identified more

adverse measurements in myocardial relaxation, aerobic capacity and left atrial structure.

e LohDR, Yeo SY, Tan RS, Gao F, Koh AS. Explainable Machine-Learning Predictions To
Support Personalised Cardiology Strategies. European Heart Journal - Digital Health.
2022;3:49-55.

This paper tested a method in Artificial Intelligence, known as Explainable Machine Learning, to
identify personalised factors related to cardiovascular health state among older adults. Our work showed
that machine learning could converge heterogenous features, including metabolomics and physical

activity and demonstrate its effects on cardiovascular health.
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Innovations and Importance of this Proposal:

This approach attempts to conglomerate the complexities of ageing. Some ageing studies have been cross-
sectional and thus are somewhat limited in their ability to detect causal associations between biochemical
pathways and the effects of exercise on ageing. Pre-specified cohorts that study ageing and exercise,
independently of traditional risk factors are necessary. Furthermore, analysis of community cohorts that
include biomarker samples obtained at multiple time points is necessary to provide future reference targets

for community cohorts.

Now is the right time for this idea. Ageing is a global problem. By 2030, approximately 20% of the world
population will be aged 65 years or older. There is growing awareness and practice of using exercise as a
lifestyle intervention to reduce ill-health associated with ageing. Yet, there is hardly any measurable
biomarker that can quantify the effect of exercise on the individual older adult at a personalised level.
Without robust methods of measuring the effect of exercise on ageing, exercise advice is prescribed blindly,
indiscriminately while ignoring innate differences between individuals and their corresponding responses
to exercise. Metabolomic profiling is an important systems biology tool that measures large numbers of
metabolites with diverse chemical properties in a quantitatively rigorous and reproducible fashion. In
contrast to other ‘omics’ platforms, such as genomics, transcriptomics and proteomics, metabolomics
measures the net composition of genomic, transcriptomic, and proteomic variability providing an integrated
profile of an individual’s biological status. Thus, the metabolome provides a comprehensive picture of the
immediate effects of exercise on the body, potentially preceding end-organ effects, exerting maximal

preventative effect and personalised feedback to the user.
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INTRODUCTION

I.  Cardiovascular Ageing
Scale of the problem
By 2030, approximately 20% of the world population will be aged 65 years or older*. Furthermore, the cost
to treat cardiovascular disease will triple by that time® 2. As a leading cause of death in older adults,
understanding risk factors that lead toward cardiovascular disease in older adults is important®. Occurring
in tandem with chronological ageing, cardiovascular ageing refers to cardiovascular structural and

functional alterations which lead to the development of cardiovascular disease.

Typical age-related changes such as increased stiffness occur in the central arteries, resulting in loss of
elastic fibres and arterial stiffness®. Arterial stiffness increases afterload which influences ventriculo-arterial
coupling and affects ventricular relaxation®. With increased stiffness and reduced left ventricular relaxation,
the left ventricle develops diastolic dysfunction, while preserving normal systolic function®. Diastolic
dysfunction contributes to heart failure in ageing and is associated with increased mortality. Diastolic

dysfunction also correlates with exercise capacity in older patients with heart failure’.

While the underlying pathophysiological mechanisms behind diastolic dysfunction are complex,
impairments in mitochondrial oxidation and fuel metabolism pathways have delineated diastolic failure
from systolic failure ®°. These pathways were similarly observed among ageing, asymptomatic older adults
with impairments in myocardial relaxation and mitochondrial fuel metabolism ® . Thus, metabolomics
may be useful to delineate metabolic changes in ageing-related ventricular stiffness and may reveal

mechanistic insights before the onset of clinical diastolic failure, common to ageing.

14



Il.  Physical Activity For The Preservation Of Cardiovascular Health

Physical activity to achieve cardiovascular disease-free health span and maintenance of cardiovascular
health

Regardless of extensions in life expectancy, ageing predisposes people to developing cardiovascular disease
which reduces health span, i.e., preserved healthy lifespan. Ageing increases biological vulnerability to
cardiovascular events resulting in increased vulnerability with downward spirals into frailty. Data from
centenarians suggest that cardiovascular disease-free health-span (‘cardiovascular longevity’) is possible’?.
Centenarians had more favourable biomarker profiles than non-centenarians for almost one decade prior to
death®®. Older adults who participate in higher amounts of physical activity have lower mortality risks and

healthier cardiovascular longevity**,

The role of physical activity as a primary prevention strategy against incident cardiovascular disease and
secondary prevention strategy towards maintaining cardiovascular health is well established'**8, Physical
activity impacts traditional risk factors such as hypertension, dyslipidaemia, and diabetes mellitus™®2,
Specific to ageing, physical activity is the major modifiable lifestyle factor that may mitigate age-related

deteriorations in cardiovascular health, in conjunction with age-related derangements muscle health such

as sarcopenia and physical frailty?.

Given the importance of physical activity, better understanding of the underlying biological and
physiological processes stimulated by physical activity is warranted. Uncovering the mechanisms for the
beneficial effects of physical activity will improve our basic understanding of disease pathophysiology,
highlight new potential pathways for intervention and identify biomarkers to help guide exercise
prescriptions. Current evidence points to the importance of fuel metabolism and mitochondrial oxidation
pathways for physical activity effects on cardiovascular health?®. Metabolomics, defined as the study of

chemical processes involving metabolites within the human biological system, can serve as a useful tool to

15



guide further investigative work in these areas. Since ageing is a life course phenomenon, dynamic lifestyle
factors such as physical activity, alcohol use and food intake can alter the course of physical ageing. Given
that these dynamic factors all converge upon the human metabolome, metabolomics might provide a
comprehensive and integrated picture of these lifelong environmental exposures, alongside exercise as a

frequently practised intervention to alter the course of ageing.
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OBJECTIVE AND RESEARCH HYPOTHESES

Objective
The principal aim of the proposed research is to examine how metabolomics may be used as measurable
biomarkers that represents the convergence of all physiological processes that occur with ageing, which

accounts for the effect of physical activity on the sum of these processes.

Research Questions
1. Would metabolomics biomarkers identified from blood samples of older adults be associated with

cardiovascular ageing, as defined by changes in cardiac structure and function?

Alterations in fuel-metabolism related markers in humans with ageing have been reported. The mechanism
through which ageing-related changes such as arterial stiffness drives metabolic changes may similarly
correlate with changes in cardiac structure and function. Identification of metabolomic profiles that is
associated with changes in cardiac structure and function in older adults may reveal key metabolic pathways
that lead to cardiovascular disease in ageing and allow for early identification of those at risk for progression

towards clinical disease.

2. Would metabolomics biomarkers identified in (1) differentiate between physical activity levels,

i.e., high versus low physical activity practices, among older adults with cardiovascular ageing?

Trials have shown that exercise leads to differences in metabolomic profiles. Physical activity increases
energy demand across multiple tissues and stimulates acute and chronic changes in metabolic pathways.
These changes can be detected through metabolomics analysis of serum. For instance, in the first 24 hours
after a bout of exercise lactate, pyruvate, TCA cycle intermediates, fatty acids, acylcarnitines, and ketone

17



bodies all typically increase whereas bile acids decrease®*. We therefore hypothesise that in conjunction
with cardiovascular ageing phenotypes, metabolomics biomarkers would differentiate older adults with

high versus low physical activity practices.

3. Is there a better measure of cardiovascular health outcome, compared to traditional markers such

as body mass index?

While physical activity is frequently advocated to older adults, using body mass index (BMI) as a target of
exercise outcome, may not be appropriate among older adults who may have weight changes due to sarcopenia.
This is because sarcopenia results in reductions in body weight, leading to lower BMI values. Despite strong
correlations between BMI and cardiovascular health, BMI may not be a suitable anthropometric target for older
adults. We test the hypothesis by evaluating the impact of using BMI versus waist circumference in the study

of cardiovascular function in older adults.

4. Recognising the need to incorporate multiple biological inputs, would an expansive machine
learning (ML) approach help rank key factors that determine healthy cardiovascular health in

ageing?

The large dimensionality of the multiple biological variables makes it challenging to analyse data directly.
Some dimension reduction tools such as the Principal Component Analysis (PCA), Linear Discriminant
Analysis (LDA) are linear methods which are not appropriate for non-linear data. In this project, the
extraction of features will be done through a combination of machine learning methods which generate a

set of outputs from a set of inputs. These outputs will be used to evaluate top ranked factors that include

18



physical activity variables, metabolites and clinical variables that determine cardiovascular health of older

adults.
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Research Question #1:
Would metabolomics biomarkers identified from blood samples of
older adults be associated with cardiovascular ageing, as defined by

changes in cardiac structure and function?

20



PUBLICATION #1

Dissecting Clinical and Metabolomics Associations of Left Atrial Phasic Function by Cardiac

Magnetic Resonance Feature Tracking

Koh AS, Gao F, Leng S, Kovalik JP, Zhao X, Tan RS, Fridianto KT, Ching J, Chua SJ, Yuan JM,
Koh WP and Zhong L.

Sci Rep. 2018;8:8138-26456%.

“Among community cohorts, associations between clinical and metabolite factors and complex left atrial
(LA) phasic function assessed by cardiac magnetic resonance (CMR) feature tracking (FT) are unknown.
Longitudinal LA strain comprising reservoir strain (es), conduit strain (ee) and booster strain (ea) and their
corresponding peak strain rates (SRs, SRe, SRa) will be measured using CMR FT. Targeted mass
spectrometry will measure 83 circulating metabolites in serum. Sparse Principal Component Analysis will
be used for data reduction. Among community adults (n = 128, 41% female) (mean age: 70.5 + 11.6 years),
age was significantly associated with es (f = —0.30, p < 0.0001), ge (b = —0.3, p < 0.0001), SRs (f =
=0.02, p < 0.0001), SRe ( = 0.04, p < 0.0001) and SRe/SRa (f = —0.01, p = 0.012). In contrast, heart
rate was significantly associated with ea (f = 0.1, p = 0.001) and SRa (f = —0.02, p < 0.0001). Serine was
significantly associated with ¢s (f = 10.1, p = 0.015), SRs ( = 0.5, p = 0.033) and Sra (f = —0.9, p =
0.016). Citrulline was associated with es (f = —4.0, p = 0.016), ea (f = —3.4, p = 0.002) and SRa (f = 0.4,
p = 0.019). Valine was associated with ratio of SRe:SRa (f = —0.4, p = 0.039). Medium and long chain
dicarboxyl carnitines were associated with es (f = —0.6, p= 0.038). Phases of LA function were
differentially associated with clinical and metabolite factors. Metabolite signals may be used to advance

>

mechanistic understanding of LA disease in future studies.’
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SCIENTIFIC REPg}RTS

OFEN Dissecting Clinical and
‘Metabolomics Associations of Left
“Atrial Phasic Function by Cardiac
e Magnetic Resonance Feature
Published anline: 25 May 2018 .
- Tracking

Angelas. Koh(h%?, FeiGao™?, Shuang Leng, Jean-Paul Kovalik™?, Xiaodan Zhao!, Ru SanTan™,
© Kevin Timothy Fridianto®, Jianhong Ching®, Serene JM Chua®, Jian-Min'Yvan®®, Weon-Puay Koh™*
: & LiangZhong*®

: Among community cohorts, associations between clinical and metabolite factors and complex left

¢ atrial (LA) phasic function assessed by cardiac magnetic resonance (CMR) feature tracking (FT) are

. unknown. Lengitwdinal LA strain comprising reserveir strain (£s), condwit strain (=e) and booster strain

: {ea) and their coresponding peak strain rates (SRs, SRe, SRa) were measured using CMR FT. Targeted

. mass spectrometry measured 83 circulating metabolites in serum. Sparse Principal Component Analysis
 was used for data reduction. Among community adults (n= 128, 1% female) (mean age: 70.5+ 116
years), age was significantly assodiated with =s (3= —0.30, p = 0.0001), =e (3= —0.3, p =/ 0.0001), 5Rs
. (B= —0.02, p=: 0.0001), SRe (3 =0.04, p= 0.0001) and 5Re/5Ra (#= —0.01, p=0.012). In contrast,

: heart rate was significantly associated with ea (3 = 0.1, p=0.001) and SRa (3= —0.02, p < 0.0001).

| Serine was significantly associated with es(3=10.1, p=0.015), 5Rs (3=05, p=0.033) and SRa

¢ {B=—0.9, p=0.015). Citrulline was associated with es (3= —&.0, p= 0.016), ea (3= —3.4, p=0.002)

| andSRa (3= 0.%, p=0.019).Valine was associated with ratio of SRe:5Ra (3= — 0.4, p=10.039). Medium
and leng chain dicarboceyl carnitines were associated with es (3= — 0.6, p=0.038). Phases of LA

. function were differentially associated with dinical and metabolite factors. Metabolite signals may be

. used toadvance mechanistic understanding of LA disease in future studies.

: Historically, evaluation of left atrial (LA) function such as left atrial strain, strain rate and LA active or pas-
¢ sive emptying fractions was performed using two-dimensional echocardiography techniques employing tissue
¢ Doppler imaging or speckle tracking methods"?. More recently, studies have used cardiac magnetic resonance
i (CMR) feature tracking to characterize LA function since it allows more comprehensive assessment of complex
¢ LA phasic behaviour®*. This technigue has been used to assess left atrial phasic behaviour in clinical cohorts
* for risk stratification® as well as for prognostication of incident cardiovascular events”. These developments sug-
: gest that lefi atrial phasic function investigations, in contrast to gross changes in left atrial size commonly used
¢ for risk stratification and prognostication, may be valuable for studying development of cardiovascular disease.
: Alterations in lefi atrial size are commonly associated with CVIY risk factors such as hypertension and diabe-
¢ tes mellitus. However, there is little data on factors that influence left atrial phasic behaviour, particularly using
¢ community-based cohorts prior to development of overt cardiovascular disease. It is therefore unknown if under-
. lying risk factors influence left atrial phasic behaviour prior to disease. Furthermaore, while it has been reported
¢ that left atrial function may be significantly altered with aging’, no studies have included elderly adults primarily

¢ IMational Heart Centre Singapore, Singapore, Singapore. “Duke-NUS Medical School, Singapore, Singapore.
¢ ADepartment of Endocr inology, Singapore General Hospital, Singapore, Singapore. *Saw Swee Hock S chool of Public
i Health, Matignal University of Singapore, Singapore, Singapore. *Division of Cancer Control and Population Sciences,
¢ University of Pittsbungh Cancer Institute, Pittsburgh, PA, USA. *Department of Epidemiclogy, Graduate School of
* Public Health, University of Pittsburgh, Pittsburgh, PA, USA. Comespondance and reguests formaterals shou ld be
¢ addressed to AS K. femail: angela kohs.mi@nhes. com.sg)
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in their analysis’. The fact that cardiovascular disease (CVD) is 2 leading cause of death in older adults®, under-
scores the importance of gaining a better understanding of the impact of age (also an independent risk factor of
CVI) on left atrial function as assessed by CMR feature tracking (FT).

Mounting data suggest that changes in fuel metabolism are associated with clinical CVI¥ in both the general
population®'* as well as in elderly subjects'®. In a stedy of patients with established cardiovascular disease, dis-
turbances in the dicarboxylhydroxyl acyl-carnitine pathway were able predict incident cardiovascular events'™.
Furthermaore, a distinct signature comprising of medium and long chain dicarboxyl and hydroxy] acyl-camnitines,
likely reflecting changes in cellular fatty acid oxidation, was independently associated with arterial stiffness
among aged adults without clinical cardiovascular disease'". Therefore, identification of distinct associations
between metabolic perturbations with phases of left atrial function may therefore advance mechanistic under-
standing of how disordered metabolism drives left atrial diseases with aging, providing translatable knowledge
for future therapeutics and/or preventative treatments.

In this study, we hypothesized that left atrial phasic function is related to dinical factors. We further hypoth-
esize that ch in circulating metabolite profiles could be related to alterations in left a:.ri::lebhs.sic function,
independent of clinical factors. Therefore, we aimed to study the association between individual components of
LA phasic function and clinical factors. Secondly, we aimed to characterize the relationship between metabolic
profile of these subjects and components of left atrial function.

Methods
The subjects were recruited from the Cardiac Aging Study (CAS), a prospective study initiated in 2014 that exam-
ines characteristics and determinants of cardiovascular function in elderly adults".

The current analysis is a cross-sectional analysis between left atrial function and metabolomics pro-
filing obtained from subjects recruited from the CAS study. Subjects who had self-reported history of
physician-diagnosed cardiovascular disease (such as coronary heart disease, atrial fibrillation and stroke)
or cancer were excluded A total of 128 participants were studied in this analysis. The SingHealth Centralised
Institutional Review Board had approved the study protocol. Informed consent was obtained from all partici-
pants. All methods mpa‘ﬁnrrrale’i:lpin accordance with the relevant guidelines and regulations.

All participants were examined and interviewed on one study visit by trained study coordinators. Participants
completed a standardized questionnaire that included medical history and coronary risk factors. Hypertension
was defined by current use of antihypertensive drugs or physician-diagnosed hypertension. Diabetes mellitus was
defined by current use of anti-diabetic agents or physician-diagnosed diabetes mellitus. Dryslipidemnia was defined

current use of lipid-lowerin ts o ician-diagnosed dyslipidemia. Smoking history was defined as ever
:?:mkm {former Ecurmnt smmmr smukzﬁjﬂudy?r{agmdu was -:alcha.ted a:}lwei.ghtm kilograms
divided by the square of height in meters. Sinus rhythm status was ascertained by resting electrocardiogram.
Clinical data were obtained on the same day as assessment of cardiac magnetic resonance (CMR) imaging and
serum collection.

CMR protocol and analysis. Cine CMR scans were performed using balanced fast field echo sequence
(BFFE). All subjects were imaged on a 3 T magnetic resonance imaging system (Ingenia, Philips Healthcare, The
Metherands) with a dStream Torso coil (maximal number of channels 32{ BFFE end-expiratory breath hold cine
images were acquired in multi-planar long-axis views (2-, 3-, and 4-chamber views). Typical parameters were as
follows: TRITE 3/1ms; flip angle, 457 in-plane spatial resolution, 1.0mm = 1L.0mm to 1.5mm = 1.5mm; slice
thickness, 8 mm; pixel bandwidth, 1797 Hz; field of view, 300 mm; frame rate, 30 or 40 per cardiac cycle. We
developed an in-house semi-automatic algorithm to track the distance (L) between the left atrioventricular junc-
tion and a user-defined point at the mid posterior LA wall on standard CMR 2- and 4-chamber views. Both 2- and
4-chamber views were used to generate the average strain and strain rate results. Longitudinal strain (£) at any
time point () in the cardiac cycle from end-diastole (time 0) was caloulated as: s(f) = (L(t) — Lg)/Lg- LA reser-
voir strain (g,), conduit strain (£,) and booster strain (=,) were calculated at ¢ equals left ventricular end-systole,
diastasis and pre-LA systole, tively, and their corresponding peak strain rates (SR) derived (Fig. 1). Strain
and sirain rate parameters from both 2- and 4-chamber views were averaged to obtain mean results for analysis.
Using data from 20 randomly selected subjects, intra- and inter-observer comparability was assessed using
Bland- Altman plot (Supplementary Fig. $1a.b). Two independent observers analyzed all cases in the evaluation
of inter-ohserver variability (5L 8 X D), while intra-ohserver variability was assessed from a repeated analysis by
the first ohserver (SL) after 7 days (Supplementary Fig. S1a,b). This technique has been validated against volumet-
ric measurements and the strain results obtained from commercial sofiware. Details about the technique can be
found in the Supplementary Table $1 and Supplementary Fig. A.

Central Hemodynamics.  We measured central blood pressure parameters such as central systolic blood
pressure, central diastolic blood pressure, central mean arterial pressure and central pulse pressure noninvasively
using applanation tonometry (SphygmoCor system, AtCor Medical, Sydney, Australia). All measurements were
performed in the daytime, in a quiet environment, at stable room temperature. Participants were studied in the
supine position.

Antecubital venous blood samples (20-30ml) were taken from consenting participants in the morning; fasting
was not required before blood collection. After collection, the blood samples were immediately placed on ice for
transportation and were processed within & h to obtain serum samples, which were subsequently stored at —80°C.

Serum metabolomic profiling analysis was performed in the Duke-MUS Metabolomics Facility as previously
described". Thawed serum samples { 100 ul} were spiked with 20l deuterium-labelled amino acid/acyl-carnitine
mirxture and diluted with 800 pl methanol. After centrifugation of the micture at 17,000 g for 5 mins at 20°C, the
supernatant fraction was collected and divided into two parts: one (100pl) for acylcarnitine analysis and one
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Figure 1. (A,B) semi-automatic algorithm to track the distance (L) between the left atrioventricular junction
and a user-defined a]poim at the mid posterior left atrial (L.A) wall on standard CMR 2- and 4-chamber views.
(C.D) Longitudinal strain (£) at any time point (t) in the cardiac cycle from end-diastole (time 0) was calculated
as: e(t) = (L{t) — Lg)/Ly. LA reservoir strain (z,), conduit strain (=) and booster strain (=,) were calculated at

t equals left ventricular end-systole, diastasis and pre-LA systole, respectively, and their corresponding peak
strain rates (SR) derived.

(1044) for amino acid analysis. A pooled quality control (QC) sample was prepared by mixing equal amounts
(10ul) of each extracted serum sample. Amino acids were scparal::r using a C8 column (Rapid Resolution HT,
4.5 x 50mm, 1.8 um, Zorbax SB-C8) on a Agilent 1290 Infinity LC system (Agilent Technologies, CA, USA) cou-
pled with quadrupole-ion trap mass spectrometer (QTRAP 5500, AB Sciex, DC, USA). Mobile phase A (10/90
Water/Acetonitrile) and Mobile phase B (90/10 Water/ Acetonitrile), both containing 10mM of Ammonium
formate, were used for chromatography separation. Acylcarnitine measurements were made using flow injection
tandem mass spectrometry on the Agilent 6430 Triple Quadrupole LC/MS system (Agilent Technologies, CA,
USA). The sample analysis was carried out at 0.4 ml/min of 80/20 Methanol/water as mobile phase, and injection
of 4pl. of sample. Data acquisition and analysis were performed on Agilent MassHunter Workstation B.06.00
Software. Free and total L-carnitine analysis was carried out as previously described'”. Data acquisition and anal-
ysis were performed on an Agilent MassHunter Workstation B.06.00 Software.

Statistical methodology. Clinical characteristics are presented as mean and standard deviation (SD) for
continuous data and frequency and percentage for categorical data. We analysed 83 metabolites comprising 65
acyl-carnitine metabolites, 16 amino acid metabolites and 2 carnitine metabolites. Metabolites with 25% of
values below the lower limit of quantification were excluded from analysis (only C10:2 was excluded, hence a
total of 83 metabolites were analyzed in the final sample). We normalized the distributions of all metabolites by a
logarithmic transformation.

The association between clinical risk factors and LA function was assessed in 2 steps. First, simple linear
regression with LA function as dependent variable was used individually. Further all clinical risk factors that
show an association with p< 0.05 with LA function in univariate analysis were included in the multivariate linear
regression respectively. In this analysis since central pulse pressure (PP) were highly correlated to central systolic
blood pressure (SBP) (The Pearson correlation between central SBP and central PP is 0.81), we only included cen-
tral SBP into the multivariable model if both central SBP and central PP are significant in the univariate analysis.

We identified amino acids associated with LA function, respectively, in 3 ways. Firstly, simple linear regression
with LA function as a dependent variable was used respectively to determine the significance of the individual
amino acids. Secondly, multivariate linear regression was conducted for each amino acids with p < 0.05 in uni-
variate analysis adjusting for significant clinical risk factors identified. Thirdly, multivariate linear regression was
conducted including all amino acids that show an association with p < 0.05 with LA function in the multivariate
analysis adjusting for clinical confounders.

To identify metabolites correlations (65 acyl-carnitine metabolites and 2 carnitine metabolites) and reduce
the dimensionality of correlated metabalites, we performed sparse principal component analysis (SPCA), which
used a penalized matrix decomposition'”. Comparing with the regular principal component analysis that suffers
from the fact of a dense loading matrix from all variables, SPCA is capable of producing sparse loadings which
makes it more biologically interpretable. Specifically, we set the orthogonality constraint’ on each component
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Age (years) TLE{1LE)
Female 52 (40.6%)
Ever smoked 26 (30.3%)
Body mass Index (kgim®) BA(L)
Hyperiension 8 [(E3 1)
Mabsetes mellibus 18 (21.9%)
Dyslipicemiz &4 (50.0%)
Heart rate (beats per minute) T3
Central systelc bload pressure [mmHg) 130 {18)
Central dastolic blood pressure (mmHz) Te(11)
‘(Central mean anertal pressure (mmHg) 102 {12)
‘Central pulse presaure (mmHg) 62 (17)
Left strial function

Reservolr straim (5] ILLI{TR)
Condun stratn (ce) 13.2(55)
Booster strain (ca) 16.6(50)
Resarvolr sirain rate (SRs) 1L&E)
Conduft Sratn rate (SRz) — 14007
Booster strain rate (SRa) —L1300.Ty
Ratlo of 5Ref5Ra 030

Table 1. Baseline clinical characteristics of study participants (M= 128). Mean (51) are presented for
continuous variables. SRe/SRa= ratio of SRe over SRa.

and the number of components to be 10. We reported the description on each component and the proportion of
variance-acoounted.

To assess the association between the 10 SPCA factors and LA function, we first performed simple lingar
regression with LA function as dependent variable, respectively. Further, for each SPCA factor, we performed
multivariahle linear regression adjusting for significant clinical confounders identified.

All statistical analyses were performed using STATA 13 (College Station, Texas, USA), while the SPCA and
correlation matrix hzatm‘;f showing pairwise Pearson correlations (r) between amino acids and LA function
were performed by R. For all analysis, a two-tailed Pvalue of < 0,05 was considered significant.

Results
A total of 128 participants (mean age 70.5 + 11.6 years; 52 women) were included in this analysis. All com-
plel.ed cardiac magnetic resonance imaging and had blood sample acquired on the same day. The majority of
ts had vascular risk factors of hypertension (53.1%) and dyslipidemia (50.0%) while some had diabe-
l.ea mellitus {21.9%). The central systolic and diastolic blood pressures of the participants were 139 + 18 mmHg
and 76+ 11 mmHg respectively. Baseline clinical characteristics of the study sample are presented in Table 1.
Additional CMR measurements of the left ventricle and echocardiogram-derived measurements are shown in
Supplementary Tzble 52

We observed univariate associations between clinical variables and left atrial function. Age, central pulse
pressure were significant for es; age, ever smoking, hypertension, diabetes, dsylipidemia, central systolic blood
pressure were significant for ce; heart rate was significant for ea; age, BMI, heart rate, central diastolic blood
pressure, central pulse pressure were significant for SRs; age, ever smoking, hypertension, diabetes, dyslipidemia,
central systolic blood pressure were significant for SRe; fernale gender, BMI, heart rate, central pulse pressure
were significant for SRa; age, ever smoked. diabetes mellitus, dyslipidemia, central systolic blood pressure were
significant for SRe/SRa.

Tahle 2 showed multivariate linear regression analysis between significant clinical variables and left atrial
function, respectively. In multivariate analysis, age was significantly associated with s (3 =— 0030, p < 0.0001),
ee (B=—0.3, p < 0.0001), 5Rs (3= —0.0Z, p< 0.0001), SRe (F=0.04, p < 0.0001) and SRe/SRa (f= —0.01,
p=10.012). In contrast, only heart rate was significantly associated with a (f=0.1, p=0.001) and SRa (= —0.02,
P 0.0001). Except for diabetes mellitus that was associated with s (= — 2.0, p=0.032), hypertension, body
mass index, dyslipidemia and gender were not associated with left atrial function.

We analysed 83 metabolites comprising 65 acyl-carnitine metabolites, 16 amino acid metabolites and 2 carni-
tine metabolites. The list of measured metabolites is presented in supplementary Tables 53 to 54.

Correlations for the 16 amino acids were assessed using the Pearson correlation analysis (Fig. 2). We ohserved
serine was significantly correlated with all LA function except the ratio SRe/5Ra (r ranges from —0.36 to 0.32;
all p= 0.05) whilst arginine, histidine, ernithine, tryptophan andt)rmslmz were not correlated with any LA func-
tion. Table 3 shows multivariate analysis between individual amino acids and cm'r\e:ﬁmdmg left atrial functions,
adjusting for prior clinical covariates. Serine remains significantly associated with reservoir strain (5= 10.1;
95% CI12.0, 18.2; p=0.015), reservoir strain rate (§=0.5; 95% CI 0.04, 1.0; p=0.033) and booster strain rate
(8= —0.9;95% CI — 1.7, —0.2; p=0.018). Citrulline was associated with reservoir strain (5= —4.0; 95% CI - 7.2,
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Ageiyears) e —03[-04-01) |<0e00l
e 03[-04-03) |<00001
s — 000 [(—0.03, —0.01) | <0.0001
e 004 004, 013 00001
eiSha —00l (—00%-0003) | o002
Female T 02(—004 0.5) o0
Ever smoked e —12({-30.-05) 0l
e 0005 0.3) CXT
SReiSRa —02 (-0 004) ol
Body mass index ((kgim’) s “O02(-005. 0001} | 0063
SHa 002 (—00L 0.1) 03l
Hypertension e OL(-1517) ()
s —00l (-0.20.3) 039
e 003 (—0.1.0.3) o7l
Diabetes mellitus e —20({-37.-02) [TTH
e 02— 0003,0.4) 0054
SReisha —02(-0.40.1) o4
Diysliptdemia e 021317 (3]
e ETTE T el
eiiha 0103000 (3]
Heart rate (beats per minute) a 0L0L,0n 0001
s 0006 (—0001. 001} | 0.080
aHa —000 (—0.03. 001} | <0.0001
Central systolic Blood premare (mmg) | ce —0.004 (—0.05, 1.04) (X3
e 000l (—003.000 | ol
SReiSRa —00M (001, 0001y | 0.2
Central dstolic blood presure (mmlz) | Sis 001 (—0.0002 001} | 0058
Central pulse pressure (mmHg: P 03 (—0.1.0.0) [
e —0.03(—0.1.0.05) [
s 0001 (—0.004.001) | el
SHa 0001 (—0.01. 101} 038

Table 2. Multivariate analysis of clinical covariates associated with left atrial function. Variables were selected
based on simple linear regression with F= (.05 at univariate analysis. Univariable analysis results are described
in the text. Multiple regression models performed. Outcome es; Confounders Age, Central pulse pressure.
Outcome ee; Confounders Age, Ever smoked, Hypertension, Diabetes mellitus, Dyslipidemia, Central systolic
blood pressure. Outcome ea; Confounders Heart rate. Outcome SRs; Confounders Age, Body mass index, Heart
rate, Central diastolic blood pressure, Central pulse pressure. Outcome SRe; Confounders Age, Ever smoked,
Hypertension, Diabetes mellitus, Dyslipidemia, Central systolic blood pressure. Outcome SRa: Confounders
Female, Body mass index, Heart rate, Central pulse pressure. Outcome SRe/SRa; Confounders Age, Ever
smoked, Diabetes mellitus, Dyslipidemia, Central systolic blood pressure.

—0.7; p=0.016}, booster strain (3= —3.4; 95% CI —5.5, — 1.Z; p=0.002) and booster strain rate (3=0.4; 95% CI
0.1, 0.7; p= 0.019). Valine was associated with ratio of condust strain rate to booster strain rate (F= —0.4; 95% CI
—0.7, —0.02; p=0.039).

Sparse principal component analysis identified 10 metabolite factors custering in biologically related group-
ings (Table 4). Loading values for the 10 metabolite factors are illustrated in Supplementary Figure P! Univariate
association between each of the 10 SPCA factors and left atrial function is shown in Supplementary Tahle 55. We
noted only Factor 3 showed significant association with es, ze, SRs, SRe and SRa in univariate analysis. However,
after adjustments for significant clinical covariates Factor 3 (medium and long—chain dicarboxylfhydroxyl
acyl-carnitines) was only associated with reservoir strain (zs) (f=—0.6, p=0.038) (Table 5).

Discussion

Among community adults free of symptomatic cardiovascular disease, left atrial reservoir, conduit, and booster
strain and strain rates were differentially associated with clinical variables and circulating metabolomics profiles.
Age was independently associated with reservoir and conduit strain and strain rate, diabetes mellitus was associ-
ated with conduit strain, whereas heart rate was associated with booster strain and strain rate. Among the specific
phases of left atrial function, serine was associated with reservoir function and booster strain rate, citrulline was
associated with reservoir, booster and booster strain rate and valine was associated with ratio of conduit strain
rate to hooster strain rate. A comhbination of medium to long chain dicarboood acylcamitines were associated with
reservodr strain.
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Figure 2. Heat map of correlations betweewas associated with ratio of conduitn amino acids and outcomes
individually. The correlations increased from purple to red. Significant correlations are coloured while non-
significant correlations are colourless).

Clinical Implications.  This study advances the field of CMR feature tracking for future clinical applications.
Previous studies have supported the concept that left atrial dilation and impairments in left atrial function ma
reflect the influence of concomitant risk factors'* rather than age alone. In our study consisting of adults wi
risk factors, age is seen in independent associations with left atrial function even in the presence of risk factors,
emphasizing that age plays an important role in assessment of left atrial function.

Using real- data obtained from a community cohort of aged adults, our results suggest that age was
independently associated with reservoir and conduit strain and strain rate. Our observations concur with data
demonstrated by Evin ef al.*, who found similar decreases in left atrial reservoir and conduit phases with age,
while also observing no association between booster strain and age. Our cohort included elderly subjects which
were i lacking in the Evin ef al’s cohort. As such, our data nicel nt their findings, str -
eningm:drznﬁﬁa! association between age and reservoir and &mms extem old:'g:];e
groups. Taken together, future studies using reservoir and conduit strain and strain rates should therefore con-
sider the critical role that age may play in influencing reservoir and conduit strain parameters. Age did not appear
to influence booster functions.

We found that heart rate was independently associated with booster strain and booster strain rate. Thisis a
novel finding not previously observed in similar asymptomatic cohorts, and deserves special attention, given the
widespread use of medications that may influence heart rate in patients such as those with hypertension. Our
observations about the association between heart rate and booster strain reflect similar concerns by a recent
study that demonstrated impairments in booster strain associated with use of beta-blockers, among a hyper-
tensive cohort'”. While assessment for medication use such as beta-blockers might have sharpened our current
observation regarding heart rate, which we did not have information for, our findings highlight the importance
for future therapeutic trials to consider the impact of interventions that may have influence heart rate, particularly
for improving booster function. Furthermore, booster strain and booster strain rate may be viewed as diagnostic
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Table 3. Multivariable model for association between individual amino acids and left atrial function. (1) The
association of amino acids with LA function was first assessed using simple linear regression, individually: (2)
For each amino acids with p < 0,05 in univariate analysis, multivariate linear regression was further conducted
adjusting for clinical confounders. The adjustments are. Cutcome es; Confounder age. Outcome ee; Confounder
Age, Diabetes mellitus, Outcome ea; ounder Heart rate. Outcome SRs; Confounder Age. Outcome SRe;
Confounder Age. Outcome SRa; Confounder Heart rate. Qutcome SRe/SRa; Confounder Age. (3) Finally
multivariate linear ion was conducted including all amino acids that show an association with p < 0,05 in
the multivariable sis (2],

markers of left atrial function that is independent of age (and risk factors), providing a unique opportunity for
clinical applications to use them additionally as robust markers of disease progression less likely influenced by
chronological aging. For instance, it has been shown that in the area of post-operative atrial fibrillation predic-
tion, data from echocardiography have identified subclinical left atrial booster strain dysfunction in patients with
severe aortic stenosis as a predictive marker of atrial fibrillation, regardless of global left ventricular function, left
atrial volume index or aortic stenosis severity™. Subtle changes in booster strain function may be used as future
marker of atrial fibrillation detection, which 1= particularly common among elderly populations®.

Mechanistic Underpinnings. To the best of our knowledge, our study is the first to measure circulating
metabolomics profiles in conjunction with left atrial function using the CMR feature tracking technique in a
cohort without overt CVD (ie., with preserved left ventricular function). This is in contrast to previous work that
has studied metabolomics of the heart under conditions where the disease of interest involved impairments in left
veniricular function™, The current work provides a unique opportunity to understand the association between
atrial function and metabolomics profiles, which is otherwise difficult to demonstrate in disease states where the
left ventricle is frequently abnormal. Our observations are further strengthened by adjustments for clinical vari-
ables, known to intluence these phases of left atrial function.

Acyl-carnitines reflect uﬁn:n mitechondrial fuel metabolism and changes in the pattern of individual
acyl-carnitine species may reflect both global alterations in mitochondrial function as well as specific changes
in patterns of fuel use. Alteration in long-chain acyl carnitines have previously been detected in symptomatic
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Medium and long-chatn carnitines

CB, CB-DC, C12:1, CIZ CLI-0HMNCL0-INC, CI4:2, C14:1, Cl4,
Clad, Clal, Cla:d, ClEL

; Short chain dicurbonyUbydraxyl | 03, C4, CEL, C5, CLOH, Cs, CRORCIDC, CADCCSOM, CE0C, | _o
amitines CRIOHCSDC, COHCEDC, C103, C81DC, (3-D0
CEIOHCSIDC, CIZ0HCINZDG, CIZI0H,
; Miestium and long chaim dicarboryl’ | €1430H, C1810H, Cla30HC1 830G, Cle20H .
hydroxy camitines CIB30HCIEINC, CIRIOHC 160G, C201, CH,
CI0HCIEINC, CHIOHCISIDG, C00HCIBDC, G
Cls, CI53, CIBZ, C181, CI5, M, C205, G2, C20L,
‘ Long chain carnitines CHIOHCIEING, CHE, C104 €223 &l
CADH, CROHCEDC, CADC, C120HCIONG,
. e Lo - Egjgg&zggctchmmcmuﬂcmmcjam{, ,
hydroxyl carnfiines .
! CIBOHCIED, T3, CHIOHCISING,
CHOHCIRDC
€7, 3, 51, C5, (SO0, G0, CT0G, CI2L, CIL
€14, CI4I0H, Cls3, CleI0H, Cle0H, CIE3, G152, CIS,
6 :‘ﬂ’mmm“"“ﬂ CIBIOHCIEDC, CIEMC1SI0E, C204, Chd, (202, €201, 38
short chain cirestines CFOHCIEIDG, G, (223, C222, G2, Free Carnitie, Total
Carnitine

€2, CA0H, Cs, CBI, G50, CBIOHCe1DC, C103, CL01, C10,

Wi sng | CB1DC, CL12, C143, CI42, Cl4, CL20H, C140HCIIDG

T k II carmitine trcd €162, Clsl. Cls, CLa20H, ClelOHCI41DC, C183, C18L 45
CIB30HCLIDC, CIB0HC]SDC, (204, CA02,

CIOHCIBIDC, CIXM, €222, C22

iC3, C51, CADCCeDH, CED, CRIOHCELDC,
CROHCSD, CFDC, CRLDDG, CEDC, C122,

i Wide specirum camtines Indudng | CI21, CIROHCIDC, CLAOHCIZDC, Cls, 23
odd shon chain amtines Cle0H, CLE3OHCLe3DC, CIBOHCLSDC, C204, CI01, )
C2DOHCIBDG, CE34, €323, 222, CI21, Free Carnitine, Todal
Carnitine

€1, CE1, CAOH, Cs, CEOHCIDC, CRIOHCs 1D, C101, CEIDC,
C12, CITF0OHCI0IDC, CI2I0H, C1d, CLE0H, CI4A0HCIIDE,
g Wiids spectrum carmfiines Including | Clel, C183, C1E2, CIEL, 23
katone-dartved carnitine CIB3OHCLEIDC, CIEI0HCLIDE, CIEIOHCLE1DC, i
CIBOHC DN, Ch, C203, C2010HCI B DC, CHOHC 10,
{Z22C, Frae Carofitne, Total Carnitins

CI0, C143, C142, C14, CLEOHC123DC,
i} Medium andlong chain cxmitines | CL420H, Cla3, Cls CLAL C18, CIZR0OHC1S2DC, C204, C303, 13
€201, C20, CH1l, C12

Table 4. Factorsidentified by sparse principal component analysis and the associated individual components,
description and variance.

cohorts with clinical cardiovascular disease® ', including high-risk elderly with coronary artery disease or
stroke". The findings underscore important associations between mitochondrial pathways and cardiovascular
disease. The dicarboxyl and hydrooyl acyl-carnitines are a specific class of acyl-carnitines generated via omega-
and alpha-oxidation. Changes in the dicarboxyl- and hydroxyl-carnitines thus may reflect alterations in pathways
spanning the endoplasmic reticulum (ERYY, the pmme}""“ and mitochondria. Our study identifies a uni e
association between a combination of medium and long chain dicarboooy camitines and reservoir function.
finding highlights potential links between ER, peroxisomal and mitochondrial function and left atrial reservoir
function.

In addition, we observed novel patterns between left atrial function and circulating amino acids. Serine is
a glucogenic amino acid which can also contribute to the biosynthesis of nucleotides as well as the ceramides,
important signalling intermediates which have been linked to the development of cardiovascular disease™. Our
nmrcl data demonstrates an association between circulating levels of serine with left atrial function preced-

clinically manifest atrial disease. Our hypothesis- %enera.ung data (1) supports the emerging recognition
serine-related molecules in atrial-related function™-; (2) demonstrates |L%r the first time in a pre-disease
cohort; and (3) suggests that circulating levels of serine are significantly associated with larger magnitude (ie.,
beneficial) of left atrial reservoir strain and strain rate. Longitedinal studies in the future may use circulating pro
files of serine to further investigate associations from a phase of pre-disease, atrial remodelling to clinical atrial
dysfunction and disease.

We found that citrulline was associated with reservoir strain and booster strain rate. Citrulline contributes
to the urea cycle, a mitochondrial-based pathway which has been reported to be involved in CVD®™, Citrulline
is also a major component of the nitric cxide pathway, which has been heavily implicated in the development of
CVI¥? and may be important in atrial dysfunction®. Finally, valine was associated with ratio of conduit strain
rate to booster strain rate. Valine is a branched-chain amino acid and has been consistently found to be associated
with the development of insulin resistance and type 2 dizbetes™ . Changes in the branched-chain amino acids
have also been linked to cardiovascular disease!!. While the link between branched chain amino acids and disease
is still unclear, evidence suggests that it contributes to altered mitochondrial function®. These results further
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s —0Ei-14, 0.2 bls —6(—1.1, —0.03) 0.038
e —05(-0.9, 0.0}y T —0.2{-050.10) 0.ls
sl —03(—0.7,0.04) 0076 —0.3{-0s 0.1} [RE]
SRs —0d4 0.1, —0.01 B02s —0.03 {00,000} 014
SRe 0.0 00,00, 0.1% [T 0.02 {001, 01y 0w
SRa 0.0 {000z, 00y i 00 {0001, 01} [N E]
SRe'SRa 000 (0,03, 0.1) 063 0.03 {(-0.0L, 0Ly 0e

Table 5. Linear regression on PCA factor 3 formed using acylcamnitine. &5, SRs, SRe, and SRe/5Ra: ageis
adjusted; =a and SRa: heart rate is adjusted; ze- age and diabetes are adjusted; SRe/SRa= ratio of SKe over SRa
Bold indicates significance at the 5% level.

highlight the potential importance of mitochondrial fuel metabolism changes in the pathogenesis of altered atrial
function.

Study limitations. While our study was prospective, sample size was relatively small although we were able

to identify statistically significant associations within the group. We acknowledge that samples obtained in a

non-fasting state may potentially introduce analytic differences in post-absorptive states between the subjects

studied Asa cunu:nl.u']jl:}r-bs.wdﬂriwn study, we recognize challenges in getting subjects to fast while participat-

Ll;grln these studies. Future studies comprising of fasting samples may provide additional insights as to the effect
asting on similar analyses.

While we corrected for available clinical factors, we cannot exclude the possibility that additional factors that
were not included could have influenced our findings. Our study design is cross-sectional and hence we cannot
infer causal relationships. Future longitudinal follow-up in a larger ¢ may provide greater power as well as
further insights as to causality. However, our results highlight the cinical relevance of pursuing future clinical
investigations using both a clinical imaging and a molecular a ch as such a novel approach may help identi
mechaLxsljsrm inmur\gad in ca:djuva.mﬂ?d]}gseasﬁ in specific c&mpﬁ". ¥ e a

Conclusion

The different phases of left atrial function as measured by CMR feature tracking were differentially associated
with clinical and circulating metabolite factors. Qur results emphasize the need to appreciate the impact of age
and heart rate separately on phases of reservoir, conduit and booster functions. Furthermaore, our results highlight
potentially important upstream metabolic perturbations involving mitochondrial fuel metabolism which may
result in changes to the ceramide pathway, urea cycle as well as nitric oxide metabolism.
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Supplementary table S1: Intra and inter observer variability for strain and strain rate

r

Intra-observer
Mean difference + SD COV (%)

&  0.99 -0.11+£0.75
& 0999 0.06 £0.25
&  0.993 -0.06 +0.48
SRs 0.992 -0.01 £ 0.07
SR 0.996 0.01 £ 0.06
SRa  0.995 -0.01 £ 0.07

2.3
1.6

3.2

3.9
3.4

3.6

0.997
0.991

0.986

0.987
0.998

0.997

Inter-observer
r Mean difference + SD COV (%)

-0.24 £ 0.69
-0.22 +0.69

0.19+0.72

-0.03 +0.09
-0.01 +0.06

0.04 +0.08

2.2
4.6

4.9

5.4
3.4

4.1

Supplementary table S2: Other cardiac measurements of the cohort

CMR measurements Mean (SD)
LV mass (9) 75.0 (20.0)
LV mass index (g/m?) 46.6 (11.1)
LVEDV (ml) 106.7 (27.9)
LVESV (ml) 37.1(17.3)
LV stroke volume (ml) 69.3 (15.7)
LV ejection fraction (%) 65.5 (7.3)
Echocardiogram-derived measurements

Left atrial volume index (ml/m?) 23.6 (8.1)
MV E peak (ms) 0.7 (0.2)
MV A peak (ms) 0.8 (0.2)
E/A (ratio) 0.9 (0.3)
Mitral deceleration time (ms) 210.0 (37.0)
PASP (mmHQ) 27.6 (6.5)
PVS (cm/s) 57.7 (11.5)
PVD (cm/s) 47.5 (14.7)
PVA (cm/s) 28.9 (5.2)
Septal Sm (m/s) 0.1 (0.01)
Septal Em (m/s) 0.1 (0.02)
Septal Am (m/s) 0.1 (0.02)
Lateral Sm (m/s) 0.1 (0.02)
Lateral Em (m/s) 0.1 (0.02)
Lateral Am (m/s) 0.1 (0.02)

Left ventricle (LV); end-diastolic volume (EDV); mitral valve (MV); peak blood velocity from Doppler

echocardiography at early filling phase (E) and at atrial contraction phase (A); PASP (pulmonary artery

systolic pressure); pulmonary vein blood velocity at systolic phase (PVS), diastolic phase (PVD) and
atrial reversal phase (PVA); myocardial velocity from tissue Doppler imaging at systolic phase (Sm),

early filling phase (Em) and atrial contraction phase (Am)
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Supplementary table S3: List of measured metabolites

Short name Name

Ala Alanine

Arg Arginine

Asp Aspartic acid

Cit Citrulline

Glu/GIn Glutamate/Glutamine

Gly Glycine

His Histidine

lle/Leu Leucine/lsoleucine

Met Methionine

Orn Ornithine

Phe Phenylalanine

Pro Proline

Ser Serine

Trp Tryptophan

Tyr Tyrosine

Val Valine

C2 Acetyl carnitine

C3 Propionyl carnitine

C4 Butyryl carnitine or isobutryl carnitine

C5:1 Tiglyl carnitine or 3-methyl crotonyl carnitine

C5 Isovaleryl, 3-methylbutyryl carnitine , 2-Methylbutyryl, valeryl or pivaloyl
carnitine

C4-OH D-3-Hydroxy-butyryl carnitine, L-3-hydroxybutyryl carnitine

C6 Hexanoyl carnitine

C5-OH/C3-DC 3-Hydroxy-isovaleryl carnitine or malonyl carnitine

C4-DC/C6-OH Methylmalonyl carnitine or succinyl carnitine

C8:1 Octenoyl carnitine

C8 Octanoyl carnitine

C5-DC Glutaryl carnitine, ethylmalonyl carnitine

C8:1-OH/C6:1-DC 3-Hydroxy- octenoyl carnitine or hexenedioyl carnitine

C8-OH/C6-DC 3-hydroxy octanoyl carnitine or adipoyl carnitine, 3-methylglutaryl carnitine

C10:3 Decatrienoyl carnitine

C10:1 Decenoyl carnitine

C10 Decanoyl carnitine

C7-DC Pimeloyl carnitine, heptanedioyl carnitine

C8:1-DC Octadecenedioyl carnitine

C8-DC Suberoyl carnitine

C12:2 -
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Cil2:1

Dodecenoyl carnitine

Ci12

Lauroyl carnitine

C12:2-OH/C10:2-DC

C12:1-OH

Hydroxydodecenoyl carnitine

C12-OH/C10-DC

3-Hydroxy-dodecanoyl carnitine or sebacoyl carnitine

C14:3

Cl14:2 Tetradecadienoyl carnitine
Cl4:1 Tetradecenoyl carnitine
Cl4 Myristoyl carnitine

C14:3-OH/C12:3-DC

C14:2-OH

3-Hydroxytetradecenoylcarnitine

C14:1-OH 3-Hydroxy-tetradecenoyl carnitine

C14-OH/C12-DC 3-Hydroxy-tetradecanoyl carnitine or dodecanedioyl carnitine
C16:3 -

C16:2 Hexadecadienoy! carnitine

Cil6:1 Palmitoleoyl carnitine

C16 Palmitoyl carnitine

C16:3-OH/C14:3-DC -

C16:2-OH 3-Hydroxyhexadecadienoyl carnitine

C16:1-OH/C14:1-DC  3-Hydroxy-palmitoleoyl carnitine or cis-5-tetradecenedioyl carnitine
C16-OH 3-Hydroxy-hexadecanoyl carnitine

C18:3 Linolenyl carnitine

C18:2 Linoleyl carnitine

C18:1 Oleyl carnitine

C18 Stearoyl carnitine

C18:3-OH/C16:3-DC

3-Hydroxyl-linolenyl carnitine or

C18:2-OH/C16:2-DC

3-Hydroxy-linoleyl carnitine or hexadecadienedioyl carnitine

C18:1-OH/C16:1-DC

3-Hydroxy-octadecenoyl carnitine or hexadecanedioyl carnitine

C18-OH/C16-DC

3-Hydroxy-octadecanoyl carnitine or hexadecanedioyl carnitine, thapsoyl carnitine

C20:4

Arachidonoyl carnitine

C20:3 Dihomogammalinolenyl carnitine

C20:2 -

C20:1 -

C20 Arachidoyl carnitine, eicosanoyl carnitine

C20:3-OH/C18:3-DC

C20:2-OH/C18:2-DC

C20:1-OH/C18:1-DC

Octadecenedioyl carnitine

C20-OH/C18-DC

3-Hydroxy-eicosanoyl carnitine or octadecanedioyl carnitine

C22:5

C22:4

C22:3




C22:2 -

C22:1 -

C22 Docosanoyl carnitine, Behenoyl carnitine

Free Carnitine

Total Carnitine

Supplementary table S4: Summary of amino acids

Metabolites Mean (SD) pm
Ala 495.1 (136.6)
Arg 116.4 (27.6)
Asp 23.2 (6.2)
Cit 34.4 (13.9)
Glu 93.4 (23.5)
Gly 233.5 (49.5)
His 77.8 (22.6)
lleLeu 151.5 (45.6)
Met 27.2 (10.1)
Oorn 86.2 (28.3)
Phe 77.3 (15.7)
Pro 255.6 (72.2)
Ser 122.4 (24.1)
Trp 55.1 (14.1)
Tyr 71.8 (21.2)
Val 246.1 (61.5)
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Supplementary table S5: Coefficient and 95% confidence generated using linear regression on 10 PCA formed using acylcarnitines with

left atrial function

&s &e &a SRs SRe SRa SRe/SRa

Factor1 0.3(-0.2,0.8) 0.3 (-0.1, 0.6) 0.1(-0.3,0.4) 0.02 (-0.01, 0.05) -0.03 (-0.1,0.02) -0.01 (-0.1, 0.04) 0.01 (-0.03, 0.04)
Factor2 -0.2(-0.9,0.5) -0.2(-0.7,0.3) -0.03(-0.5,0.4) 0.001 (-0.04,0.05) 0.04 (-0.03,0.1) 0.01(-0.1,0.1) 0.003 (-0.05, 0.05)
Factor3  -0.9(-15,-0.3) -0.6(-1.0,-0.1) -0.3(-0.7,0.04) -0.04 (-0.1,-0.01) 0.1 (0.02,0.1) 0.1 (0.001, 0.1) 0.01 (-0.03, 0.05)
Factor4  -0.2(-0.8,0.5) -0.1(-0.6,0.3) -0.1(-0.5,0.3) 0.002 (-0.04,0.04) 0.01(-0.04,0.1) 0.01 (-0.05,0.07)  -0.001 (-0.04, 0.04)
Factor5 -0.2(-0.8,0.4) -0.3(-0.7,0.1) 0.1(-0.2,0.5) 0.003 (-0.03, 0.04) 0.04 (-0.01,0.1)  -0.02 (-0.1, 0.03) -0.03 (-0.1, 0.01)
Factor6 -0.2(-1.1,0.7) -0.1(-0.7,0.5) -0.02(-0.6,0.5) -0.03(-0.08,0.03) 0.02(-0.1,0.1) -0.001 (-0.1, 0.1) 0.001 (-0.1,0.1)
Factor7 0.3(-0.4,1.1) -0.03 (-0.6,0.5) 0.3 (-0.2,0.8) 0.02 (-0.03, 0.07) 0.01 (-0.1,0.1) -0.05 (-0.1, 0.02) -0.02 (-0.1, 0.04)
Factor8 0.5(-0.6,1.7) 0.1 (-0.7,0.9) 0.2 (-0.6, 0.9) 0.03 (-0.05, 0.1) -0.03 (-0.1, 0.1) -0.01 (-0.1,0.1) 0.003 (-0.1,0.1)
Factor9 -0.6 (-1.7,0.6) 0.03(-0.8,0.8) -0.5(-1.3,0.2) 0.003 (-0.07, 0.1) -0.02 (-0.1, 0.1) 0.1 (-0.04,0.2) 0.03 (-0.05, 0.1)
Factor 10 0.8(-0.1,1.8) 0.5(-0.2,1.2) 0.4 (-0.2, 1.0) 0.02 (-0.04, 0.08) -0.1 (-0.1, 0.02) -0.1 (-0.1, 0.04) 0.04 (-0.03,0.1)

Bold indicates significance at the 5% level.
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COMMENTARY

Cardiac structural and functional changes in ageing detected by cardiac imaging

Cardiovascular imaging has evolved tremendously over the last century. From detecting disease to picking
up early preclinical stages of disease, modern imaging techniques have revolutionised the study of
medicine®®. In ageing, quantifying subtle functional cardiovascular changes through imaging is important
in the setting of preclinical disease. In a large community study from MESA (Multi-Ethnic Study of
Atherosclerosis), myocardial fibrosis in asymptomatic older adults was detected by T1 mapping on cardiac
magnetic resonance imaging®’. Endothelial dysfunction in the coronary circulation has also been measured
in humans with microvascular dysfunction by positron emission tomography?® 2. Imaging tools such as
phosphorus-31 spectroscopy for example, has depicted mitochondrial dysfunction in humans in relation to
physical training®. Applying the use of imaging techniques to detect features of cardiac ageing when used

in parallel with novel omics technologies will enhance discovery of biomarkers of cardiac ageing.

Main findings of this study:

a) Left atrial function alterations as a marker of cardiovascular ageing in older adults

Age-related decreases in left ventricular relaxation increases left ventricular end-diastolic pressure, left
atrial pressure and which results in increases in left atrial volume with time®. While left atrial volume may
increase as a result of normal ageing®, previous studies have attributed left atrial enlargement and left atrial

function to the influence of concomitant risk factors®, rather than due to the effect of age alone.

Among 128 participants (mean age 70.5 £ 11.6 years; 52 women) in this study, majority of participants had
vascular risk factors of hypertension (53.1%) and dyslipidaemia (50.0%) while some had diabetes mellitus
(21.9%). Despite the presence of risk factors, we found that age was independently associated with left
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atrial function, emphasizing that age plays an important role in assessment of left atrial function.
Importantly, the participants in our study were free of prevalent cardiovascular disease, highlighting that
left atrial function alterations is a marker of cardiovascular ageing in older adults, observed even in the

absence of cardiovascular disease®.

Based on cardiac magnetic resonance imaging, an advanced method of cardiac imaging, left atrial function
measurements were performed. Cine cardiac magnetic resonance was performed using balanced steady
state free precession sequence. All participants were imaged on a 3T magnetic resonance imaging system
(Ingenia, Philips Healthcare, The Netherlands) with a dStream Torso coil (maximal number of channels
32). BFFE end-expiratory breath hold cine images were acquired in multi-planar long-axis views (2-, 3-,
and 4-chamber views) and a stack of parallel short-axis views to cover the left ventricle (LV) from base to
apex. Typical parameters were as follows: TR/TE 3/1 ms; flip angle, 45°; in-plane spatial resolution, 1.0
mm x 1.0 mm to 1.5 mm x 1.5 mm; slice thickness, 8 mm; pixel bandwidth, 1797 Hz; field of view, 300
mm; frame rate, 30 or 40 per cardiac cycle. We developed an in-house semi-automatic algorithm to track
the distance (L) between the left atrioventricular junction and a user-defined point at the mid posterior LA
wall on standard CMR 2- and 4-chamber views® *. Both 2- and 4-chamber views were used to generate
the average strain and strain rate results. Longitudinal strain () at any time point (t) in the cardiac cycle
from end-diastole (time 0) was calculated as: e(t) = (L(t) — Lgy)/Lo. LA reservoir strain (&), conduit
strain (&,) and booster strain (g,) were calculated at t equals left ventricular end-systole, diastasis and pre-
LA systole, respectively. To derive the peak strain rate (SR) indices, peak values of the first time derivative
of the strain-time curve at systole, diastasis and LA contraction were measured. Strain and SR parameters

from both 2- and 4-chamber views were averaged to obtain mean results for analysis (Figure 1).
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Figure 1: Derivation of left atrial strain and strain rate parameters: A-B) semi-automatic algorithm to
track the distance (L) between the left atrioventricular junction and a user-defined point at the mid posterior
left atrial (LA) wall on standard CMR 2- and 4-chamber views. (C-D) Longitudinal strain () at any time
point (t) in the cardiac cycle from end-diastole (time 0) was calculated as: e(t) = (L(t) — Lgy)/Lo. LA
reservoir strain (&), conduit strain (g,) and booster strain (g,) were calculated at t equals left ventricular
end-systole, diastasis and pre-LA systole, respectively, and their corresponding peak strain rates (SR)
derived.

The left atrium is a highly dynamic chamber whose function is conventionally understood in three phases:
reservoir, conduit, and booster. In the reservoir phase, the left atrium expands during left ventricular
contraction and isovolumetric relaxation to receive venous return from the pulmonary circulation; in the
conduit phase, the left atrium drains blood passively into the left ventricle; in the booster phase, the left
atrium contracts upon stimulation by a sinus node depolarization, which contribute to 15-30% of left

ventricular stroke volume?'.
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In our study of community adults who were free of symptomatic cardiovascular disease, left atrial reservaoir,
conduit, and booster strain and strain rates were differentially associated with age and clinical profiles. We

investigated the association between clinical risk factors left atrial function in two steps.

First, simple linear regression with left atrial function as dependent variable was performed for each of the
left atrial function phases: reservoir, conduit, and booster function. Univariate analysis was performed and
identified clinical risk factors that showed an association with p < 0.05. We observed univariate associations
between clinical variables and left atrial function. Age and central pulse pressure were significant for
reservoir strain; age, ever smoking, hypertension, diabetes, dyslipidaemia, and central systolic blood
pressure were significant for conduit strain; heart rate was significant for booster strain. Age, body mass
index, heart rate, central diastolic blood pressure, and central pulse pressure were significant for reservoir
strain rate. Age, ever smoking, hypertension, diabetes, dyslipidaemia, and central systolic blood pressure
were significant for conduit strain rate. Female gender, body mass index, heart rate and central pulse
pressure were significant for booster strain rate. Age, ever smoked, diabetes mellitus, dyslipidaemia and

central systolic blood pressure were significant for the ratio of conduit strain to booster strain rate.

Table 2 showed multivariate linear regression analysis between significant clinical variables and left atrial
function. In multivariate analysis, age was significantly associated with reservoir strain (f = —0.30, p <
0.0001), conduit strain (B = —0.3, p < 0.0001), reservoir strain rate (B = —0.02, p < 0.0001), conduit strain

rate (B = 0.04, p <0.0001) and ratio of conduit strain to booster strain rate (3 =—0.01, p = 0.012).

Clinical covariates LV function | Coef. (95% CI) P-value
Age (years) €s -0.3(-0.4,-0.2) <0.0001
e -0.3 (-0.4, -0.3) <0.0001
SRs -0.02 (-0.03, -0.01) <0.0001
SRe 0.04 (0.04, 0.1) <0.0001
SRe/SRa -0.01 (-0.02, -0.003) | 0.011
Female SRa 0.2 (-0.04,0.5) 0.098
Ever smoked SRe/SRa -0.2 (-0.4,0.1) 0.14
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Body mass index ((kg/m?)

Hypertension

Diabetes mellitus

Dyslipidaemia

Heart rate (beats per minute)

Central systolic blood pressure (mmHg)

Central diastolic blood pressure (mmHQ)
Central pulse pressure (mmHg)

SRs

SRa

Ee

SRs

SRe
SRe/SRa
SRe/SRa
€s

€a

SRs

SRa

€e

SRe
SRe/SRa
SRs

€s

SRs

SRa

-0.02 (-0.05, 0.001)
0.02 (-0.02, 0.1)
-0.6 (-2.0, 0.9)

-0.01 (-0.2, 0.2)
0.08 (-0.1, 0.2)

-0.1 (-0.4, 0.1)

-0.1 (-0.3, 0.1)
0.1(0.02, 0.2)

0.1 (0.1, 0.2)

0.01 (-0.00003, 0.01)
-0.02 (-0.03, -0.01)
-0.003 (-0.1, 0.04)
0.001 (-0.004, 0.01)
-0.004 (-0.01, 0.001)
0.01 (-0.001, 0.01)
0.02 (-0.1, 0.1)
0.002 (-0.004, 0.01)
0.001 (-0.01, 0.01)

0.063
0.32
0.45
0.89
0.32
0.19
0.31
0.024
0.001
0.051
<0.0001
0.89
0.67
0.12
0.099
0.61
0.59
0.85

Table 2: Multivariate analysis of clinical covariates associated with left atrial function .Variables were
selected based on simple linear regression with P<0.05 at univariate analysis. Univariable analysis

results are described in the text.

Overall, we found that age was independently associated with reservoir and conduit strain and strain rate,

while hypertension, body mass index, dyslipidaemia and gender were not associated with left atrial

function. Our real-world data obtained from a community cohort of aged adults, suggest that left atrial

function linearly decreases with increasing age. Our observations strengthen other data from another study

which similarly found decreases in left atrial reservoir and conduit phases with age®, extending data of

participants from older age groups. Our work implies that future translational studies could use reservoir

and conduit strain and strain rates as surrogate targets of the ageing heart.
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b) Overview of omics and metabolomics

Omics refers to a comprehensive analysis of biological molecules which includes genomics,

transcriptomics, proteomics, metabolomics, and microbiome.

There are two main analytical approaches used in metabolomics research: targeted and untargeted.
Untargeted approaches involve comprehensive analysis of all the measurable analytes in a sample. The
advantage to untargeted approaches is broad coverage of potentially important analytes and/or unbiased
detection of biomarkers. The disadvantage to untargeted approaches includes a workflow which makes
analysing large sample sets difficult, relative quantitation of compounds, a bias towards identifying
compounds with high abundance and frequent inability to identify peaks of interest. Targeted approaches
involve measuring pre-defined metabolites. Advantages to targeted approaches include use of internal
standards which allows identification and absolute quantitation of analytes, including low abundance

compounds as well as relatively fast workflow.

Both targeted and untargeted techniques are used to identify these biological molecules. Targeted
techniques detect pre-specified known molecules. The disadvantage of targeted metabolomics is that
clinically important analytes can be overlooked. In contrast, untargeted techniques discover as many
molecules as possible. Untargeted analyses are generally used for discovery of hypothesis-generating data®.

Typically, targeted techniques are conducted to test specific hypotheses and causal pathways*.

As a systems biology tool, metabolomics measures large and diverse types of metabolites of different
chemical properties. In contrast to genes and proteins that form the genome and proteome, metabolomics
represents the metabolome which congregates net gene and protein expression into measurable metabolites
in the blood stream. Metabolomics profiles are also influenced by external environments**®, Therefore,

metabolomics provides an integrated profile of an individual’s biological status including effects from
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external environments, which explains the saying: “the genome defines what may happen, the metabolome
defines what has happened”**. Metabolomics quantifies small molecules that include fatty acids, amino
acids, carbohydrates, and other molecules that comprise end products of biochemical cascades linking the
genome, transcriptome and proteome to the phenotype. Methods that study the metabolome include gas
chromatography coupled to mass spectrometry (GC-MS), liquid chromatography with single-stage mass

spectrometry (LC-MS) or nuclear magnetic resonance (NMR) techniques.

c) Metabolomics implications of left atrial ageing in older adults

While there may be many biomarkers for detecting risk of cardiovascular disease, there are relatively fewer
investigations into biomarkers for detecting risk of cardiac ageing. As ageing is a complex physiological
and pathological process, the integrated depiction of an individual’s biological status that metabolomics

can provide is a useful method for understanding mechanisms of ageing.

We used targeted metabolomics profiling for this work. Current evidence points to the importance of fuel
metabolism and mitochondrial oxidation pathways for cardiovascular disease, hence we studied panels of

acylcarnitine and putative amino acids involved in these pathways.

Antecubital venous blood samples (20-30 ml) were taken from consenting participants in the morning.
After collection, the blood samples were immediately placed on ice for transportation and were processed
within 6 h to obtain serum samples, which were subsequently stored at —80 °C. Serum metabolomic
profiling analysis was performed in the Duke-NUS Metabolomics Facility. Thawed serum samples (100
ul) were spiked with 20 pl deuterium-labelled amino acid/acyl-carnitine mixture and diluted with 800 pl
methanol. After centrifugation of the mixture at 17,000 g for 5 mins at 20 °C, the supernatant fraction was
collected and divided into two parts: one (100 ul) for acylcarnitine analysis and one (10 pl) of each extracted

serum sample. Amino acids were separated using a C8 column (Rapid Resolution HT, 4.5 x 50 mm, 1.8
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um, Zorbax SB-C8) on an Agilent 1290 Infinity LC system (Agilent Technologies, CA, USA) coupled with
guadrupole-ion trap mass spectrometer (QTRAP 5500, AB Sciex, DC, USA). Mobile phase A (10/90
Water/Acetonitrile) and Mobile phase B (90/10 Water/ Acetonitrile), both containing 10 mM of
Ammonium formate, were used for chromatography separation. Acylcarnitine measurements were made
using flow injection tandem mass spectrometry on the Agilent 6430 Triple Quadrupole LC/MS system
(Agilent Technologies, CA, USA). The sample analysis was carried out at 0.4 ml/min of 80/20
Methanol/water as mobile phase, and injection of 4 pL of sample. Data acquisition and analysis were

performed on Agilent Mass Hunter Workstation B.06.00 Software.

We analysed 83 metabolites comprising 65 acyl-carnitine metabolites, 16 amino acid metabolites and 2
carnitine metabolites. Metabolites with >25% of values below the lower limit of quantification were
excluded from analysis (only C10:2 was excluded, hence a total of 83 metabolites were analysed in the final
sample). We normalised the distributions of all metabolites by a logarithmic transformation. We identified
amino acids associated with LA function, respectively, in 3 ways. Firstly, simple linear regression with LA
function as a dependent variable was used respectively to determine the significance of the individual amino
acids. Secondly, multivariate linear regression was conducted for each amino acids with p < 0.05 in
univariate analysis adjusting for significant clinical risk factors identified. Thirdly, multivariate linear
regression was conducted including all amino acids that show an association with p < 0.05 with LA function
in the multivariate analysis adjusting for clinical confounders. To identify metabolites correlations (65 acyl-
carnitine metabolites and 2 carnitine metabolites) and reduce the dimensionality of correlated metabolites,
we performed sparse principal component analysis (SPCA), which used a penalised matrix
decomposition*. Compared to the regular principal component analysis that suffers from the fact of a dense
loading matrix from all variables, SPCA is capable of producing sparse loadings which makes it more
biologically interpretable. Specifically, we set the orthogonality constraint on each component and the
number of components to be 10. Description of each component and the proportion of variance-accounted
is shown in Table 4.
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Factors

Description

Components

Proportion of
variance
accounted

10

Medium and long-chain
carnitines

Short chain
dicarboxyl/hydroxyl
carnitines

Medium and long chain
dicarboxyl/hydroxyl
carnitines

Long chain carnitines

Medium and long chain
dicarboxyl/hydroxyl
carnitines

Wide spectrum carnitines
including odd short chain

carnitines

Wide spectrum carnitines

including ketone-derived
carnitine

Wide spectrum carnitines
including odd short chain

carnitines

Wide spectrum carnitines

including ketone-derived
carnitine

Medium and long chain
carnitines

C8, C8-DC, C12:1, C12, C12-OH/C10-DC, C14:2,
C14:1, C14, C16:3, Cl16:2, C16:1, C18:1

C3, C4, C5:1, C5, C4-0OH, C6, C50HC3DC,
C4ADCC60H, C5DC, C810HC61DC, C80OHC6DC,

C103, C81DC, C8-DC

C810HC61DC, C1220HC102DC, C1210H,
C1420H, C1410H, C1630HC143DC, C1620H
C1830HC163DC, C1820HC162DC, C201, C20,
C2020HC182DC, C2010HC181DC,

C200HC18DC, C221

C16, C183, C182, C181, C18, C204, C203, C202,
C201, C2020HC182DC, C225, C224

C223

C40H, C80OHC6DC, C8DC, C120HC10DC,
C1410H, C140HC12DC, C1620H, C1610HC141DC,
C160H, C1810HC161DC,

C180HC16DC, C20, C2010HC181DC,

C200HC18DC

C2, C3, C5h1, C5, C50HC3DC, C101, C7DC, C121,
C12, C14, C1420H, C163, C1620H, C160H, C183,
C182, C18, C1830HC163DC, C1820HC162DC,
C204, C203, C202, C201, C2030HC183DC, C225,
C223, C222, C22, Free Carnitine, Total Carnitine

C2, C40H, Cs6, C81, C5DC, C810HC61DC, C103,
C101, C10, C81DC, C122, C143, C142, C14,
C1420H, C140HC12DC, C162, C161, C16, C1620H,
C1610HC141DC, C183, C182, C1830HC163DC,
C180HC16DC, C204, C202,

C2010HC181DC, C224, C222, C22

C3, C51, C4DCC60H, C5DC, C810HC61DC,
C80OHC6DC, C7DC, C81DC, C8DC, C122,

C121, C120HC10DC, C140HC12DC, C16,

C160H, C1830HC163DC, C180HC16DC, C204,
C201, C200HC18DC, C224, C223, C222, C221, Free
Carnitine, Total Carnitine

C2, C51, C40H, C6, C50HC3DC, C810HC61DC,
C101, C81DC, C12, C1220HC102DC, C1210H, C14,
C1420H, C140HC12DC, C162, C183, C182, C181,
C1830HC163DC, C1820HC162DC,
C1810HC161DC, C180HC16DC, C204, C203,
C2010HC181DC, C200HC18DC, C225, Free
Carnitine, Total Carnitine

C10, C143, C142, C14, C1430HC123DC,

C1420H, C163, C16, C181, C18, C1820HC162DC,
C204, C203, C201, C20, C221, C22

11

6.3

7.2

6.0

7.4

3.8

4.5

2.2

2.3

2.3

Table 4. Factors identified by sparse principal component analysis and the associated individual
components, description and variance.

45



To assess the association between the 10 SPCA factors and LA function, we first performed simple linear
regression with LA function as dependent variable, respectively. Further, for each SPCA factor, we
performed multivariable linear regression adjusting for significant clinical confounders identified. All
statistical analyses were performed using STATA 13 (College Station, Texas, USA), while the SPCA and
correlation matrix heatmap showing pairwise Pearson correlations (r) between amino acids and LA function

were performed by R. For all analysis, a two-tailed P value of <0.05 was considered significant.

Correlations for the 16 amino acids were assessed using the Pearson correlation analysis (Figure 2). We
observed that serine was significantly correlated with all LA function except the ratio SRe/SRa (r ranges
from —0.36 to 0.32; all p < 0.05) whilst arginine, histidine, ornithine, tryptophan and tyrosine were not

correlated with any LA function.
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Figure 2. Correlation matrix heatmap. Heat map of correlations between amino acids and outcomes
individually. The correlations increased from purple to red. Significant correlations are coloured while
non-significant correlations are colourless.

Table 3 shows multivariate analysis between individual amino acids and corresponding left atrial functions,
adjusting for prior clinical covariates. Higher serine was significantly associated with higher reservoir strain
(6 =10.1; 95% ClI 2.0, 18.2; p = 0.015), reservoir strain rate (f = 0.5; 95% CI 0.04, 1.0; p = 0.033) and
booster strain rate (5 = —0.9; 95% CI —1.7, —0.2; p = 0.016). Higher citrulline was associated with lower

reservoir strain (8 =—4.0; 95% CI —7.2, —0.7; p = 0.016), booster strain (f = —3.4; 95% CI1 —5.5,-1.2; p =
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0.002) and booster strain rate (5 = 0.4; 95% CI1 0.1, 0.7; p = 0.019). Higher valine was associated with lower

ratio of conduit strain rate to booster strain rate (5 = —0.4; 95% CI —0.7, —0.02; p = 0.039).

Amino acids LV function Coeff (95% CI) P-value
Ala €a 0.2 (-4.3,4.7) 0.93
SRs 0.1(-0.3,0.5) 0.57
SRe/SRa -0.3 (-0.7,0.04) 0.081
Arg - - -
Asp - - -
Cit €s -4.0 (-7.2,-0.7) 0.016
€a -3.4 (-5.5,-1.2) 0.002
SRa 0.4 (0.1,0.7) 0.019
Glu - - -
Gly €s 1.5 (-5.5, 8.6) 0.67
€a 2.1 (-2.3, 6.6) 0.35
SRa -0.1 (-0.8, 0.6) 0.76
His - - -
lleLeu SRa 0.1 (-0.5, 0.8) -0.68
Met €a 0.7 (-2.1,3.5) 0.63
SRa -0.1 (-0.5,0.4) 0.78
Orn - - -
Phe €s 5.1(-1.8,12.0) 0.14
€a 3.8 (-0.9, 8.6) 0.11
SRa -0.6 (-1.3,0.2) 0.13
Pro s 0.2 (-5.7,6.1) 0.95
€a 0.1(-3.9,4.2) 0.95
SRs 0.2 (-0.1, 0.6) 0.20
SRa -0.2 (-0.8, 0.4) 0.56
Ser €s 10.1 (2.0, 18.2) 0.015
€a 4.5 (-0.8,9.8) 0.098
SRs 0.5 (0.04, 1.0 0.033
SRa -0.9 (-1.7,-0.2) 0.016
Trp - - -
Tyr - - -
Val SRe/SRa -0.4 (-0.7,-0.02) 0.039

Table 3. Multivariable model for association between individual amino acids and left atrial function. (1)
The association of amino acids with LA function was first assessed using simple linear regression,
individually. (2) For each amino acids with p<0.05 in univariate analysis, multivariate linear regression
was further conducted adjusting for clinical confounders. (3) Finally multivariate linear regression was
conducted including all amino acids that show an association with p<0.05 in the multivariable analysis

().
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After adjustments for significant clinical covariates Factor 3 (medium and long-chain dicarboxyl/hydroxyl

acyl-carnitines) was only associated with reservoir strain (gs) (B = —0.6, p = 0.038) (Supplementary Table

Sb).
&s &e &a SRs SRe SRa SRe/SRa
Factor1 | 0.3(-0.2,0.8) 0.3(-0.1, 0.1 (-0.3, 0.02 (-0.01, -0.03 (-0.1, -0.01 (-0.1, 0.01 (-0.03,
0.6) 0.4) 0.05) 0.02) 0.04) 4)
Factor 2 | -0.1(-0.8, -0.2 (-0.6, -0.03 (-0.5, | 0.003 (-0.04, @ 0.03 (-0.03, 0.02 (-0.05, 0.01 (-0.04,
0.6) 0.3) 0.4) 0.05) 0.1) 0.1) 0.1)
Factor3 | -0.8(-1.4, - -0.5 (-0.9, -0.3 (-0.7, -0.04 (-0.1,- | 0.1 (0.01, 0.1 (0.002, 0.01 (-0.03,
0.2) 0.1) 0.04) 0.01) 0.1) 0.1) 0.1)
Factor4  -0.1(-0.7, -0.1 (-0.5, -0.1 (-0.5, 0.004 (-0.04, | 0.01 (-0.05, 0.01 (-0.05, 0.002 (-
0.6) 0.4) 0.3) 0.04) 0.1) 0.1) 0.04, 0.05)
Factor5  -0.2 (-0.8, -0.3 (-0.7, 0.1(-0.2, 0.003 (-0.03, | 0.04 (-0.01, -0.02 (-0.1, -0.03 (-0.1,
0.4) 0.1) 0.5) 0.04) 0.1) 0.03) 0.01)
Factor6 @ -0.3 (-1.1, -0.2 (-0.8, -0.02 (-0.6, | -0.03 (-0.08, ' 0.03 (-0.05, -0.002 (-0.1, | -0.002 (-
0.6) 0.4) 0.5) 0.02) 0.1) 0.1) 0.1,0.1)
Factor 7 | 0.3(-0.5,1.0) | -0.1(-0.6, 0.3(-0.2, 0.02 (-0.03, 0.02 (-0.05, -0.05 (-0.1, -0.02 (-0.1,
0.4) 0.8) 0.07) 0.1) 0.02) 0.03)
Factor8 | 0.5(-0.7,1.7) 0.1(-0.7, 0.2 (-0.6, 0.02 (-0.05, -0.03 (-0.1, -0.01 (-0.1, 0.002 (-0.1,
0.9) 0.9) 0.1) 0.1) 0.1) 0.1)
Factor9 | -0.03 (-1.1, 0.7 (-0.1, -0.5(-1.3, 0.02 (-0.1, -0.1 (-0.2, 0.1 (-0.03, 0.06 (-0.02,
1.2) 1.5) 0.2) 0.1) 0.03) 0.2) 0.1)
Factor 0.8(-0.2,1.8) 0.5(-0.2, 0.4 (-0.2, 0.02 (-0.05, -0.1 (-0.1, -0.1 (-0.1, 0.04 (-0.03,
10 1.2) 1.0) 0.1) 0.02) 0.04) 0.1)

Supplementary table S5: Coefficient and 95% confidence generated using linear regression on 10 PCA
formed using acylcarnitines with left atrial function . Bold indicates significance at the 5% level.

Among the specific phases of left atrial function, serine was associated with reservoir function and booster

strain rate, citrulline was associated with reservoir, booster and booster strain rate and valine was associated

with ratio of conduit strain rate to booster strain rate. A combination of medium to long chain dicarboxyl

acylcarnitines were associated with reservoir strain. Our findings are further strengthened by adjustments

for clinical variables, known to influence these phases of left atrial function.

Acyl-carnitines reflect upon mitochondrial fuel metabolism and changes in the pattern of individual acyl-

carnitine species may reflect both global alterations in mitochondrial function as well as specific changes

in patterns of fuel use. Alteration in long-chain acyl carnitines have previously been detected in
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symptomatic stroke*. The findings underscore important associations between mitochondrial pathways and

cardiovascular disease.

On the other hand, the dicarboxyl and hydroxyl acyl-carnitines are a specific class of acyl-carnitines
generated via omega and alpha-oxidation. Changes in the dicarboxyl- and hydroxyl-carnitines thus may
reflect alterations in pathways spanning the endoplasmic reticulum (ER)*, the peroxisome and
mitochondria®® *°. Our study identifies a unique association between a combination of medium and long
chain dicarboxyl carnitines and LA reservoir function. This finding highlights potential links between ER,

peroxisomal and mitochondrial function and left atrial reservoir function.

The patterns between left atrial function and circulating amino acids observed in our study are novel. Serine
is a glucogenic amino acid which can also contribute to the biosynthesis of nucleotides as well as the
ceramides, important signalling intermediates which have been linked to the development of cardiovascular
disease®. Our novel data demonstrates an association between circulating levels of serine with left atrial
function preceding clinically manifest atrial disease. This observation is in line with the emerging
recognition of serine-related molecules in atrial-related function®®*. Our quantitative metabolomics
approach suggests that circulating levels of serine are significantly associated with larger magnitude (i.e.,
beneficial) of left atrial reservoir strain and strain rate. Future studies may use circulating profiles of serine
to further investigate associations from a phase of pre-disease, atrial remodelling to clinical atrial

dysfunction and disease.

Citrulline was associated with reservoir strain and booster strain rate. Citrulline contributes to the urea
cycle, a mitochondrial-based pathway which has been reported to be involved in CVD®. Citrulline is a
major component of the nitric oxide pathway, which may be important in atrial dysfunction®. We also

found that valine was associated with ratio of conduit strain rate to booster strain rate. Valine is a branched-
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chain amino acid and changes in the branched-chain amino acids have been linked to cardiovascular

disease®” and altered mitochondrial function®®.

Overall, our work highlights the potential importance of mitochondrial fuel metabolism changes in the

pathogenesis of altered atrial function among older adults.

I am the principal investigator of the study. My contribution to this work includes obtaining grant funding

for this work, setting up the study protocol, recruitment of research participants, obtaining ethical approval,

data analyses, manuscript writing and manuscript review.
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Gao F, Kovalik JP, Zhao X, Chow VJ, Chew H, Teo LL, Tan RS, Leng S, Ewe SH, Tan HC, Tan TY,

Lee LS, Ching J, Keng BM, Zhong L, Koh WP and Koh AS.

Exacerbation of cardiovascular ageing by diabetes mellitus and its associations with acyl-carnitines.

Aging (Albany NY). 2021;13:14785-14805%,

“Objective: To demonstrate differences in cardiovascular structure and function between diabetic and non-
diabetic older adults. To investigate associations between acyl-carnitines and cardiovascular function as
indexed by imaging measurements. Methods: A community-based cohort of older adults without
cardiovascular disease underwent current cardiovascular imaging and metabolomics acyl-carnitines
profiling based on current and archived sera obtained fifteen years prior to examination. Results: A total
of 933 participants (women 56%, n=521) with a mean age 63+13 years were studied. Old diabetics
compared to old non-diabetics had lower myocardial relaxation (0.8+0.2 vs 0.9+0.3, p=0.0039); lower left
atrial conduit strain (12+4.3 vs 14+4.1, p=0.045), lower left atrial conduit strain rate (-1.2+0.4 vs -1.3%0.5,
p=0.042) and lower ratio of left atrial conduit strain to left atrial booster strain (0.5+0.2 vs 0.7+0.3,
p=0.0029). Higher levels of archived short chain acyl-carnitine were associated with present-day
impairments in myocardial relaxation (C5:1; OR 1.03, p=0.011), worse left atrial conduit strain function
(C5:1; OR 1.03, p=0.037). Increases in hydroxylated acylcarnitines were associated with worse left atrial
conduit strain [(C4-OH; OR 1.05, p=0.0017), (C16:2-OH; OR 1.18, p=0.037)]. Current, archived and
changes in long chain acyl-carnitines were associated with cardiovascular functions [(C16; OR 1.02,
p=0.002), (C20:3; OR 1.01, p=0.014), (C14:3; OR 1.12, p=0.033), (C18:1; OR 1.01, p=0.018), (C18:2;
OR 1.01, p=0.028), (C20:4; OR 1.10, p=0.038)] (all p<0.05). Conclusion: Older diabetic adults had

significant impairments in left ventricular myocardial relaxation and left atrial strain, compared to older
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non-diabetic adults. Short chain and long chain, di-carboxyl and hydroxylated acyl-carnitines were

>

associated with these cardiovascular functional differences.’

53



www.aging-us.com AGING 2021, Vol. 13, Advance

Research Paper
Exacerbation of cardiovascular ageing by diabetes mellitus and its
associations with acyl-carnitines

Fei Gao'?, Jean-Paul Kovalil®?, Xiaodan Zhao!, Vivian JM. Chow?, Hannah Chew!, Louis LY. Teo!?,
Ru San Tan!?, Shuang Leng!, See Hooi Ewe®?, Hong Chang Tan??, Tsze Yin Tan?, Lye Siang Lee?,
Jianhong Ching?®, Bryan MH. Keng!, Liang Zhong'?, Woon-Puay Koh*, Angela 5. Koh'?

*MNational Heart Centre Singapore, Singapore

2Duke-NUS5 Medical School, Singapore

3Singapore General Hospital, Singapore

*Healthy Longevity Translational Research Programme, Yong Loo Lin School of Medicine, National University of
Singapore, Singapore

KK Research Centre, KK Women's and Children’s Hospital, Singapore

Correspondence to: Angela 5. Koh, Jean-Paul Kovalik; email: angela koh.s mi@singhealth.com.sg, jean-paul kovalik @ duke-

nus.edu.sg
Keywords: aging, diabetes, cardiovascular
Received: January 26, 2021 Accepted: May 17, 2021 Published: June 4, 2021

Copyright: @ 2021 Gao et al. This is an open access article distributed under the terms of the Creative Commons Attribution
License (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original
author and source are credited.

ABSTRACT

Objective: To demonstrate differences in cardiovascular structure and function between diabetic and non-
diabetic older adults. To investigate associations between acyl-carnitines and cardiovascular function as
indexed by imaging measurements.

Methods: A community-based cohort of older adults without cardiovascular disease underwent current
cardiovascular imaging and metabolomics acyl-carnitines profiling based on current and archived sera obtained
fifteen years prior to examination.

Results: A total of 933 participants {women 563, n=521) with a mean age 6313 years were studied. Old diabetics
compared to old non-diabetics had lower myocardial relaxation (0.8+0.2 vs 0.9+0.3, p=0.0039); lower left atrial
conduit strain {12+4.3 vs 14+4.1, p=0.045), lower left atrial conduit strain rate (-1.2+0.4 vs -1.3+0.5, p=0.042) and
lower ratio of left atrial conduit strain to left atrial booster strain (0.520.2 vs 0.7+0.3, p=0.0029). Higher levels of
archived short chain acyl-carnitine were associated with present-day impairments in myocardial relaxation (C5:1;
OR 1.03, p=0.011}, worse left atrial conduit strain function {C5:1; OR 1.03, p=0.037). Increases in hydroxylated acyl-
carnitines were associated with worse left atrial conduit strain [{C4-OH; OR 1.05, p=0.0017), (C16:2-0H; OR 1.18,
p=0.037}]. Current, archived and changes in long chain acyl-carnitines were associated with cardiovascular
functions [(C16; OR 1.02, p=0.002), (C20:3; OR 1.01, p=0.014), {C14:3; OR 1.12, p=0.033), (C18:1; OR 1.01, p=0.018),
(C18:2; OR 1.01, p=0.028}, (C20:4; OR 1.10, p=0.03£]] (all p<0.05).

Conclusion: Older diabetic adults had significant impairments in left ventricular myocardial relaxation and left
atrial strain, compared to older non-diabetic adults. Short chain and long chain, di-carboxyl and hydroxylated
acyl-carnitines were associated with these cardiovascular functional differences.

INTRODUCTION myocardial infarction heart failure, and stroke [1].

However, ageing as a nsk factor emsts m the
Ageing iz a well-kmown cardiovascular nisk factor that same nubien as other nsk factors, such as obesity and
heightens risks of cardiovascular disease including digbetes mellitus. While the individual effects on the
WWW_aging-us.com 1 AGING
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cardiovascular system by these risk factors are kmown,
the extent, of each nsk factor, superimposed onto
cardiovascular ageing. is not readily appreciated. The
extent to which diabetes mellitus modifies the effect of
agemng on the heart, deserves deeper investigation. The
clinical implication of ageing with or without diabetes
may herald differences in cardiovascular phenotype,
outcomes and treatments. For example. age-associated
decreazes in left ventricular volumes, mncreazes in left
ventricular mazs index. and deteriomations in diastolic
function are commonly observed in heart falure among
elderly patients [2]. The fact that heart faihwre can ocowr
without diabetes (or hypertension) as a main driver,
implies an wgent need to differentiate the ageing
phenotype, from phenotypes related to traditional risk
factors [3].

The growing elderly population worldwide highlights
the need for unigque strategies to confront woresolved
risks of heart failure burdens among the elderly [4]. The
metabolome represents net profile of diverse chemicals
that iz influenced by genomics, transcriptomics and
proteomic variability [3]. Metabolomic profiles are also
influenced by environmental exposue, diet and lifestyle
[6-8]. Since metabolomics provides an integrated
profile, it may serve as a conglomerating tool for life
course  phenomena as  heterogenmsous as  ageing.
Emerping data have demonstrated the wutidity of
metabolomics  in advancing understanding  of
cardiovascular ageing [9-11], insmlin resistance, and
diabetes [12, 13]. Therefore, metabolomucs may
represent a  novel approach  that  dissects new
associations between cardiovascular ageing, diabetes
and metabolic pathways.

Among a commmnity cobort of participants with risk
factors but free of cardiovascular disease, we illustrate
structural and functional changes associated with
cardiovascular ageing and qualify the impact of diabetes
mellitus on cardiovascular ageing changes. In addition,
by wtilizing cross-sectional and archived metabolomuic
profiles  across  the participants” lifespan,  we
hypothesize that metabelites may be associated with CV
changes that differentiate between older adults with
diabetes versus older adults without diabetes.

MATERIALS AND METHODS
Study population

The subjects were recruited from the Cardiac Ageing
Study (CASY, a prospective study initiated in 2014
that examunes characteristics and defernwnants of
cardiovascular function in elderly adultss CAS
participants were recruited from the prospective,
population-based cohort. the Singapore Chinese Health

Study (SCHS) [14] and directly from the local
community. The current study sample consisted of men
and women who participated in the baseline CAS 2014-
2017 examination who had no self-reported listory of
physician-diagnosed cardiovascular disease (such as
coronary heart disease, atrial fibrillation). stroke or
cancer. We studied the subjects in three groups.
comprising of young adults (age < 65 wears old). and
old adults (age =65 years). the latter old group was
firther categomzed into digbetic and non-diabetic
adults.

Written informed consent was obtained from participants
upon enrolment. The SingHealth Centralised Instituticmnal
Review Board (CIRC/2014/628/C) had approved the
study protocol

Data acquisition

All participants were examined and interviewed on cne
study visit by trained study coordinators. Participants
completed a standardized questionnaire that inchuded
medical history and corenary risk factors. Sinns thythm
status was ascertained by resting electrocardiogram.
Clinical data were obtaned on the same day as
assessment of echocardiography and serum collection.

Echocardiography was performed using AL OKA al0
with a 3.5 MHz probe. In each subject, standard
echocardiography, which included 2-D, M-mode, pulse
Doppler and tissue Doppler imaging. was petformed in
the standard parasternal and apical (apical 4-chamber,
apical 2-chamber and apical long) views, and three
cardiac cycles were recorded. E/A ratio was computed
as a ratio of peak velocity flow in early diastole E (m/s)
to peak velocity flow in late diastole by atrial
contraction A (m/s).

Blood samples were collected on the day of
echocardiography  aceuisiion.  Plasma  levels of
Galectin-3 (Gal-3) (ARCHITECT Galectin-3; produced
by Fujirebio Diagnostics Inc for Abbott Laboratories)
and B-type natrivretic peptide (BNF) (ARCHITECT
EBNP; produced by Fujirebio Diagnostics Inc for Abbott
Laboratories) were measuwred on the Abbott
ARCHITECT 12000SFE. analyzer.

Cine cardiac magnetic resonance (CMRE) scans were
performed vsing balanced fast field echo sequence
(BEFFE). All subjects were imaged on a 3T magnetic
resonance imaging system (Ingemia, Philips Healtheare,
The Netherlands) with a dStream Torso coil (maximal
mumber of channels 32). Dedicated Qstrain software
(version 2.0, Medis) was vsed 1 derving LV and BV
longimdinal strain [15]. We developed an in-house
semi-gutomatic algenthm to track the distance (L)
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between the left atrioventricular junction and a user-
defined point at the mid posterior LA wall on standard
CME. 2- and 4-chamber views [9].

Metabolomics profiling

Antecubital venous blood samples (20-30 ml) were
taken from consenting participants in the moming;
fasting was not required before blood collection. After
collection, the blood samples were immediately placed
on ice for transportation and were processed within 6 h
to obtamn semm samples, which were subsequently
stored at —80° C. Additionally, archived blood samples
obtained approximately 15 wyears prior to this
assessment from subjects who had semm samples
collected and stored at the tume of enrclment were

analyzed.

Serum  metabolomic profiling  analysis for acyl-
camitines was petformed in the DukeNUS
Metabolomics Facility. Thawed semun samples (100 by
were spiked with 20 pl deutermm-labelled acyl-
carnitine mixtore and diloted with 300 pl methanol.
Extraction and measwement of acyl-carnitine were
performed as  previously described [16]. Data
acquisition and analysis were performed on an Agilent
MassHunter Workstation B.06.00 Software.

We studied serum samples obtained from owr subjects
during the current study period (2014-2017) (which we
will refer to as cwrrent samples) as well as from
archived samples (1999-2004) (which we will refer to
as archived samples) collected from the study subjects
at the time of their enrolment info the Singapore
Chinese Health Study approximately 15 vears ago. At
the tume of their enrolment 15 vears ago. mean age of
the cohort was 59+£3.8 years, mean body mass index
was 23229 kg/metre’ and prevalence of diabetes
mellitns, hypertension and smoking status were 6.7%,
27% and 28 3% respectively.

Statistics

Clinical characteristics are presented as mean and
standard dewiation (SD) for confimous data and
frequency and percentage for categorical data. We
assessed the statistical significance of the differences
between young and old paticipants as well as
difference between old diabetic and old non-diabetic in
old participants. Student t-test was used for continuous
data and Chi-square test was used for categorical data.

We determined acyl-carnitine profiles in serum samples
from the old parficipants. focusing on those who had
complete arclived and cwrent samples (old non-
digbetic: n=134; old diabetic: p=33). The lst of

measured metabolites is presented in Supplementary
Table 1. To identify serum metabolites correlations and
reduce the dimensionality of comrelated metabolites, we
performed sparse principal component amalysis
(SPCA)® using a penalized matrix decomposition on
data from current serum samples (Supplementary Table
2). Metabolites with =25% of values below the lower
limit of gquantification were excluded from analysis
(C24, C26 and C28 was excluded, hence a total of 66
metabolites were analyzed in the final sample). Other
missing metabolites were input with 0.01. In SPCA_ we
normalized the distributions of all metabolites by a
loganthmie transformation. We assessed the component
metabolites within the significant PCA factors, between
diabetic and non-diabetic using student t-test. For those
that show an association with p<0.03, we further
performed nmltivariable linear regression adjusted for
clinical covariates; female, BMI and 2 or more rizk
factors (dyslipidenia, hypertension, smoking).

To determine the association between serum
metabolomic acyl-carnitine measures to CV function,
univariate Cox regression was performed on archived
metabolites and wmivaniate logistic regression on the
change in metabolite levels between curent and
archived levels. Further nmltivariate regression model
was performed on metabolites that show an asseciation
with p<0.05 with cardiovascular (CV) function in
univaniate analysis adjusted for clinical covanates;
female, body mass mdex (BMI), diabetes mellitms (DM)
and 2 or more risk factors (dyshipidenva, hypertension,
smoking). Twe CV functions were analysed in the
comparison between old DM and old non-DM groups,
(1) myocardial relaxation defined as E/A<=09 (mean
E/A 09 in the Old) and (2) left atrial conduit strain
defined as ee<<=13.4 (mean se 13.4 mn the Old).

All statistical analyses were performed using STATA
15 (College Station, Texas, TUSA), while the SPCA
were performed by B For all analysis, a two-taled P
wvalue of <0.05 was considered significant.

RESULTS

We studied a total of 933 participants (women 56%.
0=321) with a mean age 63=13 wears. Participants
were classified into young (n=413) and old (n=513)
groups, based on cut off age of 65 years at the time
of recrpitment in 2014-2017. In the old group.
we further categorized them mfo non-diabetics
(n=399) and diabetic (n=116) subgroups. Baseline
clinical characteristics of the three groups is shown in
Table 1.

In the old group both non-diabetic and diabetic
participants were similar i age (73244 vs 73=43
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Table 1. Baseline clinical characteristics of the overall cohort.

. _ S p-value {old

R i
Clinical covariates
Age (years) 52(10.8) Ti(44 73 (4.3) §3(12.9) <2.0001 0.85
Female zender, nf?:) 156 (53.6°%) 207 (51925 45 (41.4%) 21 (35.8%) =X.0001 0046
Baody mass index (BMI) (kg'metre?) H{ET) 13(34) 24 (3.8) 14(3.6) 0.76 0027
Systolic blood pressure (mmHg) 127 (19.0) 146 (23.7) 145 (16.3) 13729 <0001 0.55
Diastolic blood pressure (mmHg) T8 (12.8) T4(1L.1) 0110 13119 0.0023 0.000%
Heart rate (beats per mimute) T1{11.0) T2{129) ALY 12(121) 0034 0.080
Hyperension, . (*2) 52(12.4%) 188 (47.1%) 94 (B1.07%) 334 (358%) <0001 <0.0001
Dryslipidemia, o, (¥2) 92 (22.0%) 171 (228%5) 92 (79.3%) 355 (38.1%) =0.0001 <0.0001
Ewer smoked, 0 (%) 14 (22%) 52 (16.1%) 35(32.7%) 111 {13.5%) <0.0001 <0.0001
*CW sk factor ==1" 3% 128 32370 B9 (76.7%) 257 (27.6%) <0,0001 <0,0001
Biomarkers
B-type natrruretic peptide (BNF) (pg/ml) 0271) 40(37.3) 37(373) 335 (36.0) <0.0001 0.33
Galectin-3 (ng/mi) 144 (01) 163 (4.2) 183 (31) 162(53) <0.0001 0.0003
Urinary creatinine {mmelL) 640435 6554 7.5 (5.0 58(33) 0.65 0.1
Urinary albumin (mz/L) B3(58) 258 (51.6) 23.2(30.5) MO0 0135 0.73
Urine albumin to creatning ratie (I mml) 1914 47(10.1) 4.0(6T) 4400.1) 014 0.56
Glycared hamoglobin (¥4) 5.6(0.7) 5.9(0.8) 5.8 (1.0) 5.0 (0.8) 0.010 =0.0001
Random ghacose (mg/dl) 114 (33.7) 116 (37) 175 (71) 122 (45) =0.0001 =2.0001

vears, p=0.86). The non-diabetic subgroup had more
women (32% vs 41%. p=0.046) and had lower body
mass index (23234 wvs 24238 kgm’, p=0.027)
compared to the diabetic subgroup. Older diabetic
patticipants had higher prevalence of hypertension
(81% ws 47%. p=0.0001). dyslipidemia (79% vs 43%.
p=0.0001). and smoking history (33% ws 16%,
p<0.0001) compared to clder non-diabetic subjects.
Older diabetic participants had higher galectin levels
(18351 ws 16342 ngml p=00003), plasma
ghicose levels (17571 vs 116237 mg/dl p=0.0001),
plasma glycosylated haemoglobin (6.8+1.0 vs 5.920.6,
%, p=0.0001) but similar BNP (37373 vs 40=37.3,
peg/ml, p=0.33), and urine microalbumin to creatinine
ratio (4.06.7 vs 4.7=10.1, p=0.56) compared to older
non-diabetics (Table 1).

Compared to the young group, participants i the
overall old gronp had larger left ventricular wall
thickmess, LV masz, left atria zize and volmne, and
lower LV function such as lower ratio of peak velocity
flow in early diastole to peak velocity flow in late
diastole (Supplementary Table 3).

Left ventricular and left atria sizes and stmctures were
similar in non-diabetic and diabetic sobgroups (Table
2). However, diabetic participants had lower E/A ratio

(0.8=02 ws 0903, p=0.0039). Lower left atrial
fiunctions were observed among diabetics compared to
the non-diabetics. Diabetics had lower left atrial
conduit strain (12=4.3% wvs 14=4.1%, unadjusted
p=0.043), lower LA condnit strain rate (-1.2=04 ¢ vs
-1.320.5 57, unadjusted p=0.042) and lower ratio of LA
conduit strain to LA booster strain (0.3=0.2 vs 0.7=0.3,
adjusted p=0.0029). Pulmonary artery systolic pressure
was higher among older non-diabetics, compared to
older diabetics (28=£7.0 vs 25=6.9 mmHg p=0001)
(Table 2).

In the acyl-camitine data from the cumrent samples
adjusted linear regression analyses showed that
acylcarnitine Factor 4. Factor 5 and Factor 6
differentiated clder participants with diabetes from non-
digbetics (Table 3). Factor 4 consists of long-cham acyl-
carnitnes, which are intermediates of fatty acid
oxidation [17]. Specifically. we observed that diabetics
had lower C18:2 (58.4 vs 67.4, p=0.020), C20:4 (4.2 vs
49, p=0.013), C20:3 (43 ws 5.3, p=0.002) and C20:2
(3.9 ws 44, p=0037)], compared to non-diabetics.
Factor 5 and Factor 6 consists of short chan acyl-
carnitines as well as di-carboxyl and hydroxylated acyl-
carnitmes, which are generated by alpha and cmega
oxidation pathways [18. 19]. The diabetics had higher
C4-0H (251 vs 13.0, p=0.0001), C14-OH/C12-DC
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Table 2. Cardiovascular characteristics of old non-diabetic vs old diabetic.

01d non- L S .
Echocardiography measurements diabetic ?;:E [:_I:_-:;‘:;m Mﬁ:li::d

(n=39%)
Interventricular septum thickness at end diastols (TVSD) (em) 0.80 (0.1) 081 (0.2) 0.52 B
Interventricular septum thickness at end systole (TVSS) (cm) 13(0.2) 12(02) 076 .
Left ventricular internal dizmeter end diastols (LVIDD) (em) 44(0.6) 43 (0.6) 0.12 .
Left ventricular internal dizmeter end systole (LVIDS) (cm) 15(0.5) 24 (0.5) 0.41 .
Left ventricular posterior wall end diastole (LVPWD) (cm) 0.76 (0.1) 077 (0.1 0.16 -
Left ventricular posterior wall end systole (LVFWS) (zm) 1.4(0.2) 1.5(0.2) 0.28 -
Left ventricular cutflow tract (LVOT) (em) 21(02) 20{02) 0.26 -
Aortie dizmeter (A0) (o) 3.0{04) 3104 0.084 -
Left atiumn (LA (cm) 3.6(0.6) 3.7(0.6) 0.55 -
Left ventneular ejection frachon (LVEF) (%2) 1407 73(9.2) 0.11 -
Left ventmcular fractional shortening (LVES) (%) 048 42(7.8) 0.12 -
Left ventricular mass {grams) 120 (4%) 116 (400 0.41 -
Laft ventricular mass index (grams/m?) 7427) 0 (22 0.14 -
Laft atrial volume (ml) 35(13) 36 (14) 0.45 .
Left atrial volume index (mlim?) A0 2ED 0.90 .
Tzovohumic relaxation tme (TVRT) (me) 103 (18) 103 (20 0.95 .
Paak velocity flow in early diastole E (MV E peak) {m/s) 0.71 (0.2) 0.70 (0.2) 0.51 .
ﬁj‘;ﬁ‘y flow mn late diastole by atrial contraction A (MV A 08102)  087(0D) 0.005 0.15
Ratio of MV E peak velocity: MV A peak velocity 051 (0.3) 0.82 (0.2) 0.003 0.03%
Mitral valve flow decaleration time (AW DT} {ms) 213 (40) 727 (42) 0.034 0.23
Rizht strial pressure (mmHz) 50(13) 4707 036 .
Pulmonary artery systolic prezsure (PASF) (mmHg) 28(7.0) 25 (6.9) 0.008 0.001
Paak systolic septal mitral ammular velocity (Septal §7 (m's) 0.078(0.02)  0.077(0.0L) 0.38 -
Peak early diastolic septal mitral annular velocity (Septal E) (m's)  0.074 (0.03)  0.067 (0.02) 0.0003 0.011
(S;?:?lmmalaunularvel»utydu:mgmd contraction (Septal A7) 0.14 (0.6) 0.11 (0.02) 0.60 R
Paak systolic lateral mitral anmmlar velocity (m/s) 010(0.0%)  0.10(0.03) 0.10 .
Paak sarly diastolic lateral mitral anmmlar velocity (m'z) 0.094(0.02)  0.088(0.02) 0.019 0.094
Lateral mitral anmlar velocity during amial confraction (m's) 012(0.0%) 0.3 (0.02) 0.51 .
Ratio of Peak velocity flow in early diastole E MV Epeck) velocity 15 1131 0.022 0.34
10 Peak early diastohc septal mmtral annular velocity (Septzl E)
CAR measurements (n=13T) (m=E1)
LV global longitudmal strain (LVGELS) (%) -21(2.9) -21(2.9) 0.28 -
LV elobal cireumfarential strain (LVGCS) (%) 21 (3.8) 23 (30) 0.21 .
LV elobal radial strain (LVGES) (%) 104 (25.1) 104 (19.5) 0.98 .
Right venticular global longimdinal strain (RVGLS) (%) 31(5.4) 31(5.5) 0.84 .
L4 reservoir stain (g) (%) 31 (6.9) 31(6.2) 0.95 .
L4 conduit strain (s} (%) 14{4.1) 12(4.3) 0.048 0.28
LA booster straiz (£a) (%) 17{47) 15039 0.065 -
Reservoir strain rate (5Rs) (1/s) 1.5(0.5) 1.5 (04 0.92 -
Condut sthrain rate (SEe) (1/3) -1.3(05) -1.200.4) 0.042 0.30
Booster stram rate (SEa) (1/5) -2.2(0T) -2.3(0.6) 0.19 -
Rato of SRe/SRa 0.66 (0.3) 0.55(0.2) 0.008 0.029
LAvolumesin (ml) 31(12.6) 27(10.1) 0.044 0.016
LAvolume, (ml} 64 (18) ST(1T) 0.017 0.006
LA sjection fraction (%) 52 (89) 52(7.0) 0.92 -
~~adjusted for female, BMI, CV rf>2.
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Table 3. Acyl-carnitine factors and significant components: comparisons between old non-diabetic vs old

diabetic.

. Non-diabetic Diabetic raloe Adjumsted Coef .
Acyl-carnifines 150 =) L (;';% st Adjusted P-value®
PCA factors
X1 0.05 2.7 0127 0.62 - -
X 0.06 (2.0) 02028 048 - -
X M2 01015 0.61 - -
X4 0201 0.7 (1.9 0.0080 10{03,1T 0.008
X 04020 1128 =0.0001 13 (0.6, 2.0) <) 01
X6 02 (LY 05023 0.004 06(-1.1,07) 0.009
X7 DM 01019 060 - -
X8 001 (1.2) 04 (1.3) 077 - -
Xo 0.08 (14 £2(L) Q.17 - -
X10 0.03 (14 01014 058 - -
Short chain
3 543 (180) 553 (201) 071 - -
4 3304 345 (174) 077 - -
C4-0H 13.0 (2.0) 251 (16.8) <10.0001 110(7.5, 144) <1 W1
C5 858 (36.0) 96.5 (39.8) 081 - -
c5:l 158 (54 165(7.3) 047 - -
Medinm chain
C10:1 253 (358) 26.0 (79.4) 005 - -
cl0:2 131 (9.4 15.1 (111 024 - -
C12-DHC10-DC 21(LL) 25017 0.012 0.3 (-0.06,0.7) 010
Ca:1-0HCE1-DC ATE(4) 284162 081 - -
C3-DC 2330134 2660130 0.12 - -
Long chain
Cl4:1-0H 10.6 (5.0) 11.7 [4.8) 012 - -
Cl43 24028 42029 061 - -
Cl4-0HC12-DC 5030 25 (46 <10.0001 21(1.0,33) <1 W1
Cl6 106 (26.0 102 (29.3) 031 - -
C16:1-0HC14:1-DC 43019 540249 0.055 - -
C16:2-0H 43018 48020 0.040 0402, 1.0) 017
C16:3-0HC14:3-DC 13 (0.9 14 0% 036 - -
C16-0H 55T 1334 00001 15(0.6,2.5) 0.001
Cls 387 (9.8 373 (8.5) 037 - -
C18:1 116 (33.6) 109 (28.0) 015 - -
C18:1-0HC16:1-DC 3B 49029 D007 08 (0.1, 1.6 0.019
Cl8:2 674203 584 (162 0.004 T7(-142,-13) 0.020
Cl8:3 5220 45024 0.13 - -
C15-0H/C16DC 45030 62031 0012 13{0.2,2.3) 0.020
C20 S3(LE) S0(13) 036 - -
201 5825 6722 048 - -
C20:1-0H/C1E:1-DC TIEI) 8035 013 - -
2022 14015 19013 0.033 0.5 (-1.0, -0.03) 0.037
C20:2-0H/C15:2-DC 22013 20010 037 - -
€203 s34 43007 0.005 -12(-19,-0.5) 0.002
C20:3-0H/C15:3-DC 1207 13 (0.8 020 - -
C20:4 40(20) 42017 0028 0E(-1507) 0.013
221 31020 28016 0.54 - -
C22:2 0E(LY 0.7 (0.4) 045 - -
C224 117 1108 0.30 - -
C215 1.3 (0.5 1.6 (0.9 016 - -
*adjusted for female, BMI, CV rf>2.
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(8.5 ws 5.9, p=0.0001)., C16-OH (7.3 ws 5.5, p=0.001)
and C18-0HC/16-DC (6.2 v= 4.5, p=0.020)] compared
to non-diabetics. (Table 3).

We next examined the relationship between current
serum  acyl-carnitine profiles and CV structure and
function in older study subjects. The di-carboxyl acyl-
carmtines were associated with higher nisks of
impairments in E/A ratio (C12-0H/C10-DC, p=0.018);
C15-0H/C16-DC, p=0.038). Smularly. the di-carboxyl
acyl-carnitines were also associated with worse LA
conduit strain fonction (C12-0H/C10-DC, p=0.008):
Cl4OH/C12-DC, p=0.025); Cl6:3-0H/C14:3-DC,
p=0.018). The short-chain acyl-camitines and
hydroxylated acyl-carnitines wete associated with
worse LA conduit strain function (C4-OH, p=0.0024);
C3, p=0.024). The long chain acyl-carnitines were
associated with higher risks of impairments in E/A ratio
(C16. p=0.002); C18:1, p=0.046). (Table 4).

To explore associations between archived metabolites
and CV function, we analyzed archived serumn samples
(Supplementary Table 4). as well as computed the
metabolites” change over 15-year period and assessed
their hazards of association with CV function 15-vears
later (Supplementary Table 3). We found that higher
levels of archived serum long chain acylcamitine were
associated with impairments in E/A matio (C20:3,
p=0.014) (Figwe 1A). Longitudinal increases in long
chain acylcarnitine over time were also associated with
worse LA conduit strain fonction (Cl4:3, p=0.033);
C18:1, p=0.018); C18:2, p=0028); C18:3, p=0.019):
C20:4, p=0.038); C22:5, p=0.043) (Figure 1D). Higher
levels of archived short chain acyleamitine were
associated with larger hazards impairments in EA ratio
(C5:1, p=0.011) as well as with worse LA conduit strain
fonction (C35:1, p=0.037) (Figure 1A). Higher levels of
di-carboxylated acyl-carnitines were associated with
worse LA conduit strain fonction (C16:3-0OH/C14:3-
DC. p=0.019) (Figore 1C). Increases in hydroxvlated
acyl-camitines were also associated with worse LA
conduit stramn function (C4-0OH, p=0.017); C146:2-0H.
p=0.037) (Figure 1IJ).

DISCUSSION

This was a community cohort of older adults without
Imown prevalent cardiovascular disease. Low BNFP
levels in the cohort provided additional evidence that
prevalent undiagnosed heart faihwe 13 probably
negligible in this cohort. In determining the impact of
agemg on cardiovascular strocture and function in
elderly adults, we recognize the difficulties of studyving
agemg changes in the absence of comeorbidities. We
used contemporary and novel imaging markers to define
how the aged heart may look like in a general

population  setting where comorbidities invarably
co-exist with human ageing. Our large sample size
adjusted for these conmonly occumring, age-related
comorbidities.

After adjusting for comorbidity burdens, we observed
definite increases in left ventricular mass index left
atrial size and left atnal volume index with ageing,
along with changes in other cardiovascular shuctural
markers such as left ventricular septal thickmess, left
ventricular internal diameter and aortic diameter. These
changes have been previously reported and are thought
to be a consequence of ageing [20]. In terms of
function the clder adults had significant reductions in
left ventricular diastolic function as noted by changes in
myyocardial relaxation. Observed differences in LV
filling pressure did not reach climically important
thresholds, confirming that impairments in nryocardial
relaxation. instead of gross dishwbances in diastolic
function commonly observed in elderly patients with
heart failure [21]. typify cardiovascular ageing in this
cohort.

Older adults with diabetes mellims had siular IV
structure to their counterparts without diabetes mellitus.
In terms of cardiac function L'V and LA fonctional
parameters revealed differences between ageing and
diabetes. Older diabetic adults had significant
impaimments in LV myocardial relaxation. compared to
older non-disbetic adults. Using advanced CMR
techmigues, these functional differences extended
upstreamn  to the left atriom  We observed clear
differences in left atrial strain as measured by cardiac
MRI. This is a novel observation which extends beyond
prior reports of metabolic disturbances i left atmal
strain [9], Importantly, left atrial conduit strain was the
specific disturbance that differentiated diabetics and
from non-diabetics, expanding on existing reports that
have also cbserved differences in left atrial atrial strain
among diabetics [22], whilst also lending support to
prognostic data that has linked left atrial conduit strain
to poor prognosis in cardiovascular disease cohorts [23].
This effect of diabetes on left atrial strain exacerbated
over and above effects attnbutable to sclely ageing,
should prompt greater efforts that address risks of atrial
mryopathy in older adults with diabetes, such as
incorporating measurement of left atnal strain into
climeal protocols [24] or tackling nisks of left atrial
myyopathy m heart failure [25].

Among this cohort of older adults, the profile of acyl-
carnitine metabolites differed between diabetics and
non-disbetics. Digbetics had lower levels of long-chain
acyl-carnitines as compared to non-diabetics. This class
of metabolites i3 generated by mutochondnial oxidation
of long-chain fatty acids. Changes in the levels of these
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Table 4. Association hetween current metabolites and cardiovascular function.
i) Outcome: Ef/A<=0.9.

Current metabolites Events/total OR (95% CT) p-value Adj uEtHl ,OR _-ldjustea.i
(95%)= p-value®

Short chain
C3 1427207 1.0 (1.0, 1.002) 0.62 - -
c4 142207 1.0 (1.0, 1.001) 0.26 - -
C4-0H 1427207 1.03 (1.001, 1.06) 0.045 1.02 (0.9, 1.05) 0.25
C3 1427207 1.001 (0.99, 1.009) 039 - -
C5:1 1397202 0.97(0.93,1.02) 029 - -
Medinm chain
Cl10:1 1377195 1.002 (1.0, 1.008) 042 - -
Cl10:2 1127168 1.03 (0.9%, 1.07) 0.15 - -
CI12-0HC10-DC 1427207 153 (1.10, 2.10) 0.009 1.50 (1.07,2.09) 0.018
C3:1-0HCE1-DC 1427207 0.99 (097, 1.01) 045 - -
C3-DC 1427207 LOL (098, 1.04) 029 - -
Long chain
Cl4:1-0H 1427207 1.03 (0.97, 1.09) 038 - -
Cl4:3 1427207 1.06 (D.94, 1.20) 035 - -
Cl4-0H/C12-DC 1427207 1.13(1.02,1.25 0.016 LI11¢{L0, 1.24) 0.052
Clé 1427207 1.02 (1.007,1.0%) 0002 1.02 (1.008, 1.03} 0002
Cl16:1-0HC14:1-DC 142207 1.16 (0.99, 1.36) 0.067 - -
C16:2-0H 1427207 1.06 (0.90-1.25 048 - -
C16:3-0HC14:3-DC 1367199 1.12 (0.79-1.60) 0.52 - -
Cl&6-0H 1427207 1.07 (0.97,1.19) 0.19 - -
Cls 142207 1.03 (0.93, 1.06) 012 - -
Cl8:1 1427207 1.01 (1.0, 1.02) 0.043 1.01 (1.0, 1.02) 0.046
Cl8:1-0HClE1-DC 1427207 1.23(1.03, 1.48) 0.022 1.20(1.0, 1.43) 0.054
Cl8:2 1427207 1.008 (0.99,1.02) 031 - -
Cl18:3 139:203 1.05(0.92,1.21) 046 - -
ClE-0H/C18-DC 142207 1.22(1.04, 142) 0.014 1.19{1.01, 1.41) 0.038
C20 1427207 1.05 (D.88, 1.25 0.80 - -
C20:1 142:207 0.57 (0.87, 1.10) 0.68 - -
C20:1-0H/C18:1-DC 1427207 1.06 (0.97, 1.15) 0.19 - -
C20:2 1427207 0.57 (0.80, 1.15) 0.30 - -
C20:2-0H/C18:2-DC 1417206 1.04 (0.8, 1.33) 0.76 - -
C20:3 1427207 1.09 (D.95, 1.2a) 022 - -
C20:3-0H/C18:3-DC 1327194 0.86(0.58,1.29) 047 - -
C20:4 1427207 1.03 (0.8%, 1.20) 0.68 - -
C22:1 142207 0.98(0.64 1.14) 0.30 - -
€222 137197 1.36 (0.72, 2.56) 035 - -
C22:4 140:203 111 (0.62, 1.77) 0.67 - -
C22:5 1417205 1.06 (0.74, 1.50) 0.76 - -
*adjusted for diabetes mellitus, female, BMI, CV ri>2.
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i) Outcome: ee<=13.4 %.

Current metabolites Events/'total OF. {95% CT) p-value A(g‘g:;&mgnnf A?:l?:ﬁp_
Short chain

C3 87/169 1.001 (1.0, 1.002) 0.52 - -
c4 27/169 1.001 (1.0, 1.003) 0.66 - -
C4-0H 87/169 1.05(1.02, 1.0%) 0.002 1.04 (1.006, 1.08) 0.0024
C5 87/169 1.01 (1.002, 1.02) 0.022 1.01 (1.001, 1.02) 0.024
C5:1 85/166 1.02{0.97, 1.08) 038 - -
Medinm chain

Clixl 83/157 1.002 (1.0, 1.00°7)y 0.3% - -
Cli-2 69134 1.02 (098, 1.06) 032 - -
C12-0H/C10-DC 87/169 1.70(1.23,233) 0.001 1.58(1.13, 2.21) 0.008
C8:1-0H/CA:1-DC 87169 099 (097, 1.02) 0.54 - -
C3-DC 87/169 1.02 (1.0, 1.05) 0.0az - -
Long chain

Cl4:1-0H 87/169 109101, 117 0.019 1.07 (1.0, 1.16) 0.051
Cl4:3 87/169 105 (094, 1.18) 041 - -
Cl4-0H/C12-DC £7/169 117(1.06,1.29) 0002 1.13(1.02,1.25) 0.02%
Cl6 87/169 1.004 (099, 1.02) 042 - -
Cl6:1-0H/C14:1-DC 27/169 108084, 1.26) 028 - -
Cl6:2-0H 877169 1.19 (1.005, 141} 0.043 1.15(0.96, 1.37) 0.13
Cl6:3-0H/C14:3-DC 84161 1.78(1.16,2.71) 0.003 L70¢1.10, 2.64) 0.018
Cl6-0H £7/169 1.07 (096, 1.18) 021 - -
Cl18 87/169 0.9% (096, 1.02) 0.60 - -
Cl8:1 27/169 1.003 (099, 1.01) 0.4% - -
C18:1-0H/C16:1-DC 87/169 1.13 (098, 1.31) 0.10 - -
C18:2 87/169 0.99 (0.93, 1.008) 0.33 - -
Cl18:3 85/167 1.05 (091, 1.20) 0.52 - -
C18-0H/Cl6-DC 87169 1.15 (1.008, 1.32) 0.038 1.08 (0.95,1.23) 025
20 27/169 1.08 (0.90, 1.28) 042 - -
C2r1 87/169 103092, 1.17) 0.3% - -
C20:1-0H/C18:1-DC 87/169 105 (098, 1.14) 0.1% - -
C20:2 87/169 1.01 (082, 124) 091 - -
C20:2-0H/C18:2-DC 87/168 0.95{0.76, 1.20) 0.67 - -
C20:3 27/169 1.02 (090, 1.16) 0.75 - -
C20-3-0H/C18:3-DC 81/159 113 (075, 1.7 0.33 - -
C20:4 87/169 1.008 (0.87, 117 0582 - -
221 27/169 1.08 (092, 1.26) 0.35 - -
Cc22:2 81/160 1.29(0.76, 2.18) 0.34 - -
C22:4 835/166 0.83 (052,132 042 - -
C22:5 85/167 1.10(0.77, 1.56) 0.61 - -

*adjusted for diabetes mellitus, female, BMI, CV rf>2.

metabolites thus reflects alterations i fatty  acid
oxidation, which iz known to be associated with
digbetes and cardiovascular disorders [26]. Older
subjects with diabetes alse had higher levels of
dicarboxyl- and hydroxyl-camitine metabolites. These
metabolites are generally thought to be generated by

alpha- and cmega- fatty acid oxidation pathways [27].
Notably, these metabolites have previously been shown
to be associated with increased nisk of recument
cardiovascolar events as well as ischemic stroke [28].
Since patients with diabetes are lmown to be at higher
CWV sk it is perhaps understandable that older subjects
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with diabetes would have increased levels of these
metabolites

Interestingly, some of these acyl-camitine metabolites
were associated with cardiovascular function. Higher
levels of long chain acyl-camnitines were associated
with 1 i in myocardial relaxation as well as
with worse left atrial function As earlier mentioned,
long-chain acyl-carnitines are linked to mutochondrial
fatty acid oxidation pathways. This is one of the first
reports that links fiel oxidation pathways to changes
in directly measured cardiac function, early
disturbances in diastolic function. Previeuns reports
have noted links between long chain acyl-camnitines
and heart failure [27]. Across the clinical spectrum
from heart failore with reduced ejection fraction

(HFYEF), to heart faihwe with preserved ejection
fraction (HFpEF), to non-heart failure (HF) controls,
long chain acyl-camnitine levels were greater in HE1EF
than HFpEF, both of which were greater than non-HF
controls [29]. Our observations now directly link long
chain acyl-carnitines to imaging markers of diastolic
function, a pathophysiological disturbance that
predominates  across  the clinical heart falure
spectum. In addition, levels of long chain acyl-
carnitines obtained 13 years ago were associated with
present-day abnormalities in these cardiovascular
functions. In tandem with baseline levels of long
chain acyl-carnitines from 15 years ago, interval
increase in long chain acyl-carmitines predicted
abnormalities in myocardial relaxation and left atrial
conduit strain
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Figure 1. Acyl-carnitines and cardiovascular function. (A) Archived Acyl-camitine and impaired myocardial relaxation. Blue circles and
lines represent unadjusted hazard ratios (HR) for one-unit increase in archived acyl-carnitine and its 95% confidence interval (35%C1) on
impaired myocardial relaxation. (B} Change in Acyl-carnitine and impaired myocardial relaxation. Blue cirdes and lines represent unadjusted
odds ratios (OR) for one-unit increase in archived acyl-camitine and its 95% confidence interval (35%C1) on impaired myocardial relasation.
[C) Archived Acyl-carnitine and impaired left atrial conduit strain. Blue circles and lines represent unadjusted hazard ratios (HR) for one-unit
increase in archived acylcarnitine and its 5% confidence interval (35%C1) on impaired myocardial relaxation. (D) Change in Acyl-camitine and
impaired left atrial conduit strain. Blue circles and lines represent unadjusted odds ratios (OR) for one-unit increase in archived acyl-carnitine
and its 35% confidence interval (35%Cl) on impaired myocardial relaxation.
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We also noted an association between increased levels
of short chain hydroxylated- and dicarboxyl- acyl-
camitines and impaired LV and atral function,
confirming these ocbservations in baseline levels
obtained 15 years ago and interval increases mn these
metabolites over tume. These classes of fuel
intermediates are likely generated by the process of
alpha- and omega oxidation [18, 19]. Short chain
hydroxylated- and dicarboxyl- acyl-camitines were
specifically higher ameng clder adults with diabetes,
highlighting the importance of fuel oxidation pathways
in the pathogenesis of diabetes, a connection which has
been well described [26]. These pathways may also
represent important treatment targets to ameliorate
impact of diabetes on cardiovascular outcomes in older
adults. Previous reports have noted associations
between the presence of atrial fibrillation and
generalized changes in metabolic pathways [30]. Tlus is
the first smdy to highlight alpha and omega oxidation,
in association with altered left atrial function.

We acknowledge study limitations. Our cbservational
study design does not imply cavsality between the
metabolites and their present-day cardiovascular
function. The metabolic perfurbations among diabetic
samples are complex, and while we could identify key
pathways involved from their sera, our observational
study design 13 unable to differentiate between
adaptive wversus pathogenic responses. The lower
levels of certain long chain acyl-carnitines in the
diabetic samples, might hypothetically represent
either an adaptive response or treatment effect. In
addition, metabolomics responses mav differ between
study groups as a consequence of dietary or lifestyle
factors, which we did not account for in this analysis.
A prospective longitudinal clinical trial might clarify
this, alongside adjustments for medication data and
duration of co-morbidities, which we did not correct
for as well However, the generally low lewvels of
glycated haemoglobin ameng the groups spggest a
lower risk cohort. As a commmmnity-based study
focused on studying asymptomatic individuals prior to
disease  manifestation. our  results reflect
asymptomatic or preclinical phase of disease,
designed to look for vpstream differences that are
likely subtle. Even so, true relaticnships between the
groups, and their associations with metabolomucs,
may only be underestimated. and unlikely
overestimated. While there may be analytic
differences  between non-fasting serum  samples
(which we used in owr study) and fasting serum
samples. large cohort studies face challenges in
getting community elderly participants to fast for
prolonged periods of time. Based on the Health
Professionals Follow-up Study and Nurses” Health
Study. fasting, season of blood collection. and tume of

dav of blood collection were not important sources of
variabilify in measurements of most metabolites [31].
Finally, we are unable to account for residual
confounding factors that may be present in such a
study design

Despite these limitations, owr observations lend
biological basis to previous reports that have linked
fuel oxidation pathways to cardiovascular outcomes
[13]. Our results provide basis for foture work that
explores the gsole of metabelite amalysis in early
detection. as a possible preventative strategy upstream
il ageing.

CONCLUSIONS

Distinet alterations m fiiel oxidation pathways in short
chain and long chain acyl-carmitines, di-carboxyl and
hydroxylated acyl-carnitines, were associated with
present-day changes in cardiovascular finction These
alterations in cardiovascular fonction distingnished
digbetic versus non-diabetic older adults. Targeting
distinct fuel oxidation pathways m older aduolts
depending on diabetes status may provide greater
precision on therapewtic strategies. Investigations info
acyl-carmitines early in the ageing trajectory may
represent a window of opportunity to apply preventative
and'or screemung methods agamst deteriorations in
cardiovascular health with ageing.
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SUPPLEMENTARY MATERTALS

Supplementary Tables

Supplementary Table 1. List of measured metabolites.

Short name Name

C2 Acetyl camitine

C3 Propionyl camutine

C4 Butyryl camitine or isobutryl camitine

C5:1 Tiglyl carmifine or 3-methyl crotonyl camitine

C5 Isovaleryl, 3-methylbutyryl camitine | 2-Methylbutyryl, valeryl or pivaloyl camitine
C4-.0H D-3-Hydroxy-butyryl camitine, L-3-hydroxybutyryl camitine
C6 Hexanoyl camitine

C5-0H/C3-DC 3-Hydroxy-isovaleryl camitine or malonyl camitine
C4.DC/Ce-0H Methylmalonyl cartine or succinyl camitine

Ca:1 Octenoyl camitine

1 Octanoyl carmitine

C3-DC Glutaryl camitine, ethylmalonyl camibine
C8:1-0H/Ce:1-DC 3-Hydroxy- octenoyl caritine or hexenedioy] camitine
C2-0H/Cs-DC 3-hydroxy octanoyl camitine or adipoyl carutme, 3-methylglutaryl camitine
C10:3 Decatrienoy] camitine

C10:1 Decenoy] camitine

C10 Decanoyl camitine

C1-DC Pimeloy] camitine, heptanedioyl camitine

C8:1-DC Octadecenedioyl carmitine

C8.DC Suberoyl camitine

C12:2 -

C12:1 Dodecenoyl camitine

C12 Lauroy] camitine
C12:2-0H/C10:2-DC -

C12:1-0H Hydroxydodecenoyl camitine
C12-0H/C10-DC 3-Hydroxy-dodecanoyl camitme or sebacoyl carmfine
Cl14:3 -

C14:2 Tetradecadienoyl carmtine

C141 Tetradecencyl camitine

C14 Mytistoyl camitine
C14:3-0H/C12:3-DC -

C14:2-0H 3-Hydroxytetradecenoylcamitine

C14:1-0H 3-Hydroxy-tetradecenoyl camitine
C14-0H/C12-DC 3-Hydroxy-tetradecanoyl camitine or dedecansedioy] camitine
Cl6:3 -

C16:2 Hexadecadienoyl carmtine

C16:1 Palmitoleoy] camitine

C16 Palnutoyl carmitine

C16:3-0H/C14:3-DC

WWW.aging-us.com
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Cl16:2-0H
C16:1-0H/C14:1-DC
Cl16-0H

Cli3

Cl3:2

C13:1

C13
C13:3-0H/C16:3-DC
C13:2-0H/C16:2-DC
C13:1-0H/C16:1-DC
C13-0H/C16-DC
C0:4

CX:3

C2):2

C20:1

C20
C):3-0H/C18:3-DC
C20:2-0H/C18:2-DC
C20:1-0H/C18:1-DC
C-OH/C18-DC
C12:5

C1x4

C223

C22:2

C22:1

C12

3-Hydroxyhexadecadienoy] camitine

3-Hydroxy-palnuteleoyl camitine or cis-3-tetradecenedioyl camitine

3-Hydroxy-hexadecanoyl camitine

Linolenyl carmitine

Linoleyl camitine

Oleyl carmifine

Stearoyl camitine

3-Hydroxyl-linelenyl camnitine or
3-Hydroxy-linoleyl camitine or hexadecadienedioy] camitine
3-Hydroxy-octadecenoyl camitine or hexadecanedioy] camitine

3-Hydroxy-octadecanoyl camitine or hexadecanedioy] camitine, thapsoyl camitine

Arachidonoyl camitine
Dihomogammalinolenyl canitine
Arachidoyl camitine, eicosanoyl camitine
Octadecenedioyl camitine
3-Hydroxy-eicosanoyl carmitime or octadecanedioyl carmitine

Docosaneyl camitine, Behenoyl camitine
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Supplementary Table 2. Factors identified by sparse principal component analysis and the associated individual
components, description and variance.

Percentage
of
variance
accounted

Factors Description Components

(]

10

Medium and leng-chain camitines

Short- and mednm- chamn dicarboxyl’ hydroxyl
carnitines

long cham dicarboxylhydroxyl carmtimes

Long chamm camitines

Medium and long chain dicarboxylhydroxyl

canutines

Wide spectnim carmtines mcluding odd short
chain carmitines

Wide spectnm carmtines mcluding odd short

chain camitines

Wide spectnim camitines mcluding odd short

chain camitines

Wide spectrum camitines

Medmum and long cham carmitines

C8.C121, C12, C120HC10DC, C142, C141.
Cl4, C163, C162, C161, C181
C3, C4, €5, C40H, CSOHC3DC,
C4DCC60H, CSDC, C810HCE1DC,
CB0HCEDC, C102, C81DC, C8DC
C1220HC102DC, C1210H, C1420H,
C1410H, C1830HC163DC,
C1820HC162DC, C201, C20,
C2020HC182DC, C2010HC181DC,
C200HC18DC, C221
C16, C183, C182, C181, C18, C204, C203,
€202, C201. C20, C2020HC182DC, €225,
C124
€4, C40H, C8DC, C120HC10DC, C1410H,
C140HC12DC, C1630HC143DC, C1620H,
C1610HC141DC, C160H, C1810HC161DC,
C180HC16DC, C2030HC183DC,
C2010HC181DC
€3.C4, €51, €3, CR10HC61DC, €102,
C101, C120HC10DC, C143, C140HC12DC,
C1630HC143DC, C1610HC141DC, C160H,
€183, C18, C1810HC161DC,
C180HC16DC, C204, C2030HC183DC,
C2010HC181DC, C225, €222, C221
2, C40H. C6, C81, €103, C102, €101, C10,
€122, C1220HC102DC, C1210H, C143,
C142, C14, C1410H, C162, C161, C16,
C1620H, C182, C1820HC162DC,
C180HC16DC, C202, C20.
C2030HC183DC. €225, C224, C222, C12
C3, C4, €5, C40H, CADCCS0H, C5DC,
C810HC61DC, C8OHCEDC, CTDC, CEDC,
€122, C1220HC102DC, C160H, C183,
C2030HC183DC, C2020HC182DC
€101, C81DC, C120HC10DC, C1410KH,
C1620H. C160H, C183, C1830HC163DC,
C1820HC162DC, C180HC16DC, €20,
C2030HC183DC,
C2010HC181DC, C200HC18DC, €223,
c1
€102, €10, C12. C1210H, C143, C14,
C1430HC123DC, C163, C16. C182, C18,
€204, C203, C201, C20, C221,C2?

11

6.9

6.8

6.4

=

=]

31
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Supplementary Table 3. Cardiovascular characteristics of young vs old non-diabetic.

Echocardiography meazurements {E?ﬂg} {DE:!‘:EJ L;'::ETQ ‘:f:li:d
Interventricnlar septum thickness at end diastole (TVSD) (emm) 0.77(0.1) 0.80 (0.2) 0.001 0.042
Interventricular septum thickness at end systole (IVSS) (cm) 1.2(032) 13{0.2) 0.003 0.027
Left ventrioular infernal diamseter end diastole (LVIDDY) (o) 44004 44(08) 0.019 0.044
Left ventrioular mfernal diameter end systole (LVIDS) (cn) 27004 25005 <1.0001 <), 0001
Left ventricular posterior wall end diastole (LVPWDY) (cm) 0.700.1) 0.800.1) 0.001 0.003
Left ventrinlar posterior wall end systole (LVPWS) (cm) 14003) 14{0.2) 0.11 -
Left ventrioular outflow tract (LVOT) {cm) 21(15) 21402 0.24 -
Acrtic diameter (40 (en) 28005 30005 <0.0001 <{,0001
Left atrium (LA) (exn) 34005 3.7(06) <0,0001 <{),0001
Left ventrioular ejection fraction (LVEF) (%) 71 (8.1} T4(81) <0,0001 <{),0001
Left ventrioular fractional shertening (LVES) (¥e) 40(5.9) 43 (7.5) =0.0001 <{),0001
Left ventrioular mass (grams) 112(32) 120 (47) 0.004 0.047
Left ventrioular mass mdex (zrams/m?) 66 (16) 73 (26) =0.0001 <{),0001
Left afrial vohume (ml) 3L 35(1%) 0.011 017
Left atrial volume mdesx (ml/'m?) 20(6.1) 21 (7.8 <1.0001 0.002
Isovolumic relaxation time (TVET) {ms) 94 (15) 103 (18) <0.0001 <{,0001
Peak velocaty flow m ealy diastole E (MW E peak) (m's) 08002 0.7(0.2) <1.0001 <{),0001
mtﬂnchyﬂnw in late diastole by atrial contraction A (MW A peak) 06(02) 0.8(02) 00001 00001
Fatio of MV E peak veloctty: MV A peak velocity 14005 09003 =0.0001 <), 0001
Mitral valve flow deceleration time (MWV DT} {ms) 198 (28) 215 (41) <f.0001 <{),0001
Faght amal pressure (mmflg) 43013 49014 <f.0001 <{),0001
Pulmonary artery systolic pressure (PASP) (mmHg) 22 (5.4) 27700 <0.0001 <{,0001
Paak systolic septal mutral annular velocity (Septal 37 (m's) 0.09 (0.04) 0.08 (0.02) <0,0001 <{),0001
Peak early dizstolic septal mitral anmular veloeity (Septal E7) (m=) 0.10 (0.03) 0.07 (0.02) <0.0001 <{,0001
Septal mitral anmular velocity during atrial conbaction (Septal A7) (m/'s) 0.1 {0.02) 0.1{0.6) 0.50 -
Peak systolic lateral mutral annular velocity (m's) 0.1 {0.03) 0.10(0.03) =0.0001 <{),0001
Peak early diastolic lateral omtral annular velocity (m/s) 0.1 {0.03) 0.0% (0.02) =0.0001 <{),0001
Lateral mufral annular velocity dunng atnal contraction (m/'s) 0.1 {0.03) 0.1 (0.03) 0.53 -
Rato of Peak v ity flow m early diastole E [E veloaty to
Pk aarly dia*:-t:];:fepizl amitral mz‘ﬂm%@za;}} - 82025 10(3.3) <0.0001 <{,0001
CMAIFR measurements (m=1%) (n=124)
LV global longitudinal strain (LVGLE) (%a) -21 (3. -21(2.9) 1.00 -
LV global cocumferential stram (LVGCS) (%) -21 (4.6) S22(3T 038 -
LV global radial stram {(LVGERS) (%) 92 (5% 104 (24) 0.10 -
Faght venmcular global lonztudinal stram (RVGELS) (%) -3 S3L54) 0.11 -
(m=23) (n=11T)
LA reservoir strain (g5) (%) 39 (6.2) 3168 <0.0001 <{,0001
LA conduit strain (z&) (%) 21 {4.8) 1342 <0.0001 <{,0001
LA booster strain (za) (%) 17 (4.0) 17 (4.6) 097 -
Raservoir strain rate (SREs) (1/5) 20005) L.5(0.5) <0,0001 <{),0001
Conduit strain rate (SEa) (1/z) -2.5(0.7) -1.3(0.5) <0,0001 <f).0001
Booster strain rate (SRa) (1/s) 2.40.7) 2207 026 -
Ratio of SRe/SKa 1.1(04) 0.60(03) =0.0001 <{),0001
LAvohumemis {ml) 28 (8.8) 31{12) 0.30 -
LAvohme,,, (ml) 85 (14 62(18) 047 -
LA ejection fraction (%) 58(8.1) 52(86) 0002 0.004

~adjusted for female, BMI, CV rf>2.
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Supplementary Table 4. Association between archived metabolites and cardiovascular function.
i) Outcome: EfA<=0.9.

Archived metabolites Events/total HE (95% CT) p-value I-]‘;d '};;1;3* :‘j]:]::f]
Short chain
c3 124/180 1.0(1.0, 1.001) 0.45 - -
4 124/180 1.0(1.0, 1.002) 0.62 - -
C4-0H 124/180 1.0(0.97,1.02) 059 - -
C5 124/180 1.0(1.0, 1.002) 0.50 - -
C51 119173 1.03(1.01, 1.05) 0.003 1.03(1.01,1.05) 0.011
Medium chain
C10:1 119/168 1.0(1.0, 1.004) 097 - -
C10:2 96/143 1.01 (098, 1.03) 0.33 - -
C12-0H/C10-DC 124/180 0.99(0.92,1.07) 0.88 - -
C8:1-0H/Cé:1-DC 124/180 1.0(099,1.01) 0.81 - -
C8-DC 124/180 0.90(0.97,1.01) 0.50 - -
Long chain
Cl14:1-0H 124/180 090 (0.96, 1.02) 047 - -
Cl14:3 124/180 0.98 (0.91, 1.06) 0.69 - -
Cl14-0H/C12-DC 124/180 0.99(0.96, 1.02) 0.57 - -
C16 124/180 1.0(1.0, 1.002) 0.60 - -
C16:1-0H/C14:1-DC 124/180 0.99(0.92, 1.06) 0.7 - -
Cl16:2-0H 124/180 0.96 (0.87, 1.07) 0.48 - -
C16:3-0H/C14:3-DC 118172 1.25(1.01, 1.54) 0.036 1.19 (097, 1.46) 0.10
C16-0H 124/180 1.0(0.98,1.01) 0.61 - -
C18 124/180 1.0(1.0, 1.002) 0.95 - -
C18:1 124/180 1.0(1.0, 1.005) 0.17 - -
C18:1-0H/C16:1-DC 124/180 0.08 (0.93, 1.04) 0.33 - -
C18:2 124/180 1.0(1.0, 1.005) 0.87 - -
C18:3 1211176 0.90 (004, 1.04) 0.71 - -
C18-0H/C16-DC 124/180 1.0(098, 1.01) 0.88 - -
C20 124/180 1.02 (094, 1.10) 0.62 - -
C20:1 124/180 1.01 (0.96, 1.07) 0.62 - -
C20:-1-0H/C18:1-DC 124/180 099 (097 1.02) 0.33 - -
C20:2 124/180 1.03 (096, 1.11) 0.37 - -
C20:2-0H/C18:2-DC 123179 0.97(0.89, 1.07) 0.33 - -
C20:3 124/180 1.02(1.01, 1.03) 0.003 1.01 (1.003,1.03) 0.014
C20:3-0H/C18:3-DC 115/168 0.08(0.81, 1.18) 0.83 - -
C20:4 124/180 1.01 (0.98, 1.05) 0.46 - -
c121 124/180 0.92 (0.83, 1.02) 0.10 - -
C2:2 119170 1.06(0.93,1.19) 0.44 - -
C224 121176 1.07 (0.89,1.28) 047 - -
C22:5 1237178 0.97(0.84, 1.12) 0.64 - -
*Correct for diabetes mellitus, female, BMI, CV rf>2.
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i} Outcome: gee<=13.4 %.

Archived metabolites Events/total HE (95% CT) p-value '%;2:;:?111? ;‘:L‘;;‘:E
Short chain
C3 83/163 1.0(1.0,1.001) 098 - -
4 83/163 1.0(1.0,.1.001) 0.42 - -
C4-0H 83/163 0.98(0.94, 1.01) 0.22 - -
C3 83/163 1.0(1.0,.1.002) 0.56 - -
51 83/159 1'03‘1_{[}6‘?05' 0.018 1.03 (1.002. 1.06) 0.037
Medium chain
ci0:1 £1/151 1.000.99, 1.004) 0.68 - -
ci0:2 68/130 0.90(0.96, 1.02) 044 - -
C12-0H/C10-DC 85/163 1'“"13'[)%93' 0.50 i i
C2:1-0H/Ca:1-DC 83/163 1.01(0.99,1.03) 0.20 - -
C:-DC 83/163 0.99(0.97, 1.02) 0.66 - -
Long chain

, 1.006(0.97, -
Cl14:1-0H 83/163 1_[:51:] 0.73 - -
C14:3 B3/163 093(0.84, 1.02) 012 - -
Cl4-0H/C12-DC 83/163 0.99(0.96, 1.02) 0.66 - -
Cl6 83/163 1.0(1.0,.1.001) 0.27 - -
C16:1-0H/C14:1-DC 83/163 0.95(0.86, 1.04) 0.26 - -
Cl6:2-0H 83/163 0.99(0.88, 1.11) 0383 - -
C16:3-0H/C14:3-DC 821155 134105, 171) 0.017 132(1.05, 167 0.01%
Cle-0H 83/163 0.99(0.97, 1.02) 0.57 - -
cig 83/163 1.000.99, 1.002) 032 - -
cizl 83/163 1.0(1.0,1.003) 0.64 - -
C12:1-0H/C16:1-DC 83/163 0.98(0.91, 1.03) 0.51 - -
C13:2 B3/163 1.000.99, 1.001) 012 - -
cla:3 83/161 0.91(0.84, 0.98) 0.019 (.89 (0.82, 0.98) 0003
C12-0H/C16-DC 83/163 0.90(0.97, 1.01) 0.50 - -
c20 83/163 1.07(0.97,1.18) 0.16 - -
C20:1 83/163 1.0(0.93, 1.06) 0.29 - -
C20:1-0H/C18:1-DC B3/163 0.97(0.93, 1.01) 019 - -
C20:2 83/163 L0091, 1.10) 0.99 - -
C20:2-0H/C1E8:2.DC 83/162 0.93(0.82, 1.08) 0.29 - -
C20:3 83/163 0.96(0.91, 1.02) 0.20 - -
C20:3-0H/C18:3.-DC 79/153 1.06(0.83, 1.34) 0.66 - -
C20:4 83/163 0.98(0.93, 1.02) 033 - -
C22: 83/163 0.88(0.76, 1.02) 0.096 - -
c22:2 79154 0.98(0.81, 1.19) 085 - -
C22:4 83/160 0.87(0.69, 1.10) 024 - -
C22:5 83161 0.86(0.71, 1.05) 014 - -
*adjusted for diabetes mellitus, fermale, BMI, CV ri=2.
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Supplementary Table 5. Association between change in metabolites and cardiovascular function.
i) Outcome: gee<=13.4 %.

Changes from archived to

P~ Events/total OR (95% CT) p-value AEEE??T}O*R Adjusted p-value
Short chain

c 85/163 1.0 (1.0, 1.002) 037 . .
4 §5/163 1.0 (1.0, 1.004) 0.14 ) -
C4-0H §5/163 1.06 (1.02, 1.09) 0.001 1.05 (1.01, 1.08) 0.017
Cs §5/163 L0l (1.0, 1.01) 0.077 - -
51 §3/159 1.01(0.98, 1.03) 0.66 - .
Medinm chain

101 81151 1.0 (1.0, 1.008) 025 - .
€102 68/130 1.01 (0.99, 1.04) 0.32 - -
C12-0HC10-DC 85/163 1.09 (0.92, 1.28) 0.32 ] .
C8:1-0H/C6:1-DC 85/163 1.0 (0.9, 1.01) 055 - .
C8DC §5/163 1.02 (1.0, 1.04) 0.082 - -
Long chain

C14:1-0H 85/163 1.03 (0.9, 1.08) 0.13 - .
C143 85/163 111 (1.005, 1.22) 0,040 112 (1.009, 1.25) 0.033
C14-0H/C12-DC §5/163 107 (0.99, 1.16) 0.076 : -
16 85/163 1.0(1.0, 1.01) 0.11 - -
C16:1-0H/C14:1-DC 85/163 1.11(0.99, 1.23) 0.068 ) .
C162-0H 85/163 1119 (1.03, 1.38) 0.017 118 (101, 1.37) 0.037
C163-0H/C14:3-DC 82155 1.28 {0.98, 1.66) 0.067 - :
C16-0H §5/163 1.02 (0.97, 1.07) 0.40 - -
18 §5/163 1.0(L.0, 1.01) 0.36 - -
181 85/163 1.01 (1.001, 1.01) 0.027 1.01 (1.001, L.01) 0.018
C18:1-0H/C16.1-DC 85/163 1.08 {0.98, 1.19) 0.12 - -
C182 §5/163 101 (1.0, 1.02) 0.047 1.01 (1.001, 1.03) 0.028
C183 §3/161 1.10 (1.01, 1.20) 0.036 1.12 (102, 1.23) 0.019
C18-0H/C16-DC 85/163 1,03 (0.98, 1.07) 0.28 - -
€20 85/163 1.02 (0.90, 1.16) 0.76 - .
€201 §5/163 1.06 {0.97, 1.15) 023 - -
C20:1-0H/C18:1-DC 85/163 1.05 (0.99, 1.11) 0.10 - -
C202 85/163 107 (0.94, 1.23) 031 ) .
C20:2-0H/C18:2-DC 851162 1.09 (0.94, 1.27) 0.26 - .
€203 §5/163 1.08 (0.99, 1.18) 0.070 - .
C20:3-OH/C18:3-DC 79/153 1.04 {0.80, 1.36) 0.7 - -
C204 §5/163 1.10 (1.007, 1.15) 0.033 1.10 (1.01, 1.20) 0.038
cnil 85/163 113 (0.98, 1.29) 0.092 - -
c12 791154 111 {0.89, 1.39) 035 - -
C12:4 83/160 1.23 (0.89, 1.69) 021 - -
C1:s 83/161 1.2 (1.004, 1.63) 0.046 1.31 (101, 1.71) 0.043

*adjusted for diabetes mellitus, female, BMI, CV rf>2.
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“Background: Ageing and insulin resistant states such as diabetes mellitus frequently coexist and increase
the risk of cardiovascular disease development among older adults. Here we investigate metabolic
differences in amino acid profiles between ageing and diabetes mellitus, and their associations with
cardiovascular function. Methods: In a group of community older adults we performed echocardiography,
cardiac magnetic resonance imaging as well as cross sectional and longitudinal metabolomics profiling
based on current and archived sera obtained fifteen years prior to examination. Results: We studied a total
of 515 participants (women 50%, n = 255) with a mean age 73 (SD = 4.3) years. Diabetics had higher
alanine (562 vs 448, p < 0.0001), higher glutamate (107 vs 95, p = 0.016), higher proline (264 vs 231, p =
0.008) and lower arginine (107 vs 117, p = 0.043), lower citrulline (30 vs 38, p = 0.006) levels (uM)
compared to non-diabetics. Over time, changes in amino acid profiles differentiated diabetic older adults
from non-diabetic older adults, with greater accumulation of alanine (p = 0.002), proline (p = 0.008) and
(non-significant) trend towards greater accumulation of glycine (p = 0.057) among the older diabetics
compared to the older non-diabetics. However, independent of diabetes status, amino acids were associated
with cardiovascular functions in ageing, [archived valine (p = 0.011), leucine (p = 0.011), archived
isoleucine (p = 0.0006), archived serine (p = 0.008), archived glycine (p = 0.006) methionine (p = 0.003)]
which were associated with impairments in E/A ratio. Conclusion: Markers of branched chain amino acids
and one -carbon metabolism pathways were associated with changes in cardiovascular function in older
adults regardless of diabetes status. However, nitrogen handling pathways were specifically altered among
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older adults with diabetes. These findings broaden our understanding into specific amino acid pathways
that may be altered between diabetic and non-diabetic older adults, and their relevance to cardiovascular

function in ageing.”
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ARTICLE INFO ABSTRACT

Keywords: Background: Ageing and insulin resictant statee such 2z diabetes melline frequently cosxizt and incresse the rigk
Ageng of cardiovascular diceaze development among older adult. Here we investipate metabolic Jifferences in aming
Caydiowsenlar acid profiles between ageing and disbhetes melline, and their ascociations with cardiovasonlar fonction.
Ell:t::us Methodr In a group of commmmiry older adultz we performed echocardiography, candiar magnetic resonance

imaging as well ax croos cectional ard longitdinal metabolamics profiling based on corent and archived e
obtained fftesn years prior o sxamination

Rendnr We stodied a toal of 515 participant (women 504, n = 255) with a mesn age 73 (5D = 4.5) yeam.
Diabetics o higher alanine (562w 448, p < L0001}, higher glvtsmate (107 vz 95, p = 00016), higher proline
(264 vz 231, p = 0.008) and lower arginines (107 w2 117, p= 0.043), lower cismolline (30 va 38, p = 0.006) Levals
(M) compared to non-diabeticn. Over time, changes in amine acid profiles difsrenriated dishetic older achle
from non-dishetic older adnls with grester accumularion of alanine {p = 0U00Z), proline (p = 0.008) and (non-
gignificant) trend tovwards greater acoommelation of ghycine (p = 0L057) among the older diabetico compared o
the older non-dishetics. However, independent of diabetes statue, aming acids wese assorcisted with cardiovas-
cular fimctinns in ageing, [archived valine (p= 0.011], leucine (p = 0.011}, archived isoleucine (3 = 0.0006),
archived zerine (p = 0003}, archived glyrine (p = (006} methionine (p = 0.003)] which were associsted with
impairments in B/A ratio.

Cancluzion: Markes: of | hed chain amine acid and ones -carbon metaboliom pathwmays were associxted with
changes in cardiovascular function in older adultn regardless of diabetes otanw. Howeser, nitrogen handling
pathways were specifically altersd among older adult with diabetes. These findings broaden our underctmding
into zpecific amino acid pathways that may be altared betveen diabetic and non-diabetic oldes adolts, and their
Idmmmunﬁnwxdarﬁmmmam
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Amino acids

1. Inmoduction asgociation between metabolomics signatures, cardiovascular dizeasze
(CVD) and candiovascular function [2,3], few have studied older adults.

The rapidly ageing population worldwide emphasizes the need for In addition, ageing processes complicate the heart failure phenotype
precize strategies to tackle burdens of heart dizease among older adults that accompanies concomitant risk factors such as disbetes mellitus. Az
[1]. While there are community-based studies that have looked at the both ageing and diabetes are rsk factors that contdbute to CVD
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development, it iz plausible that comparing the sera of both entities will
provide clarity on biological mechanizme that underlie dizeaze deveal-
opment in older adults who may alzo have concomitant diabetes. Thiz is
supported by recent studies that have used metabolomics to advance
understanding of cardiovascular ageing [4-6], insulin resistance, and
diabetes [7-12]. Inwesdgatons into joint or disparate metabolic path-
ways that are imvolbved in ageing amd diabetes would provide basis for
fumure precision medicine that is @rgeted towards distinet mechanisms
[13-15]. Biologically, the heart iz a muscular organ with unique amino
ack] requirements such that interaction: between pathwayz such as
branched chain amino acids, one-carbon amd nitrogen disposal path-
ways may be relevant to both ageing- and diabeter mellituz- related
cardicvaseular dysfimction

Prior studies that include older adult: are either eross-sectional or
not pre-specified to study CVD pdor to disease oncet [16-18]. To
overcome limitations in causality between biochemical pathwayz and
candiovazcular disease development, pre-specified commumity cohorts
that include zamplez cbtained before dizeaze development may
srengthen discovery of pathways associated with ageing-related CVD.

Among a comimmnity cohort of participants with risk factors but free
af cardiovazcular diseaze, we investigate membolic differences between
ageing and diabeter mellinez, hypothesizing that aming acid profiles
would unravel metabolic interactions betwreen these entties.

2. Methods
2.1, Smdy population

The subjects were recruited from the Cardiac Ageing Study (CAS) (4],
2 procpectve smdy initiated in 2014 that examines characteristics and
determinants of cardiovascular functon in older aduls. CAS partici-
pantz were recruited from the prospective, population-bazed cohort, the
Singapore Chinese Health Study (SCHE) [19] and directly from the local
community. The current study sample conzisted of men and women who
participated in the baseline CAS 2014-2017 examination who had no
self-reported history of phyrician-diagnosed cardiovascular disease
(such a= coronary heart dizease, atrial fibrillation), stroke or cancer
(Supplementary Fig. A flow chart). Written informed conzent waz ob-
tained from participants upon enrolment. The SingHealth Centralized
Institutional Review Board (CIRC,/2014,/623,C) had approved the study
protweol.

2.2 Daty acquisiion

All participants were examined and interviewed on one sdy vizit by
trained sowdy coondinators. Participamtz completed a standandized
questionnaire that included medical history and coronary nsk factors.
Hypertencion waz defined by current usze of antihypertenzive drugs or
phyzician-diagnosed hypertenzion Diabetes mellite: was defined by
current use of ang-diabetic agents or phyzician-diagnoced diabetes
mellimsz Dyzlipidemia was defined by current use of lipid-lowering
agentz or phyzician-diagnosed dyzlipidemia Smoking history was
defined as ever smokers (former or current smoking) or never smokers.
Bouly mass index was caleulated az weight in kilograms divided by the
square of height in meters. Sinus rhythm sz was ascertained by
as assessment of echocandicgraphy and semim collection.

Echocardiography was performed uzing ALOKA al 0 with a 3.5 MHz
probe. In each subject, standard echocardiography, which included 2-D,
M-mode, pulre Doppler and tissue Doppler imaging, was performed in
the standard parasternal and apical (apical 4-chamber, apical 2-chamber
and apical long) views, and three cardiac cycles were recorded. Left
wventricular ejection fraction (LVEF), left atrial (LA) volume and LA
volume index were measured. The trans-mitral flow E and A wawve with
the zample volume pozition at the tip of the mitral valve leafletz from the
apical 4-chamber view were recorded by Doppler echocardiography. B/

-2
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A ratio was computed as a ratio of peak velocity flow in early diastole E
(m/'z) to peak velocity flow in late diastole by atrial contraction A (my/s).
Pulzed wave tissue Doppler imaging was performed with the zample
volume at the septal and lateral annules from the apical 4-chamber
view. The frame rate waz between 30 and 100 frames per zecond. The
tzsue velocity pamerns were recorded and expressed az B, and A°. All
measurements were meanmed by the same operator and the measure-
ment: were averaged over three cardiac eyeles and adjusted by the BR
interval.

Blood zamples were collected on the day of echocardiography
acquisition. Plasma levels of Galectin-3 (Gal-3) (ARCHITECT Galecdn-3;
produced by Fujirebio Diagnostics Inc. for Abbott Laboratories) and B-
tvpe nariuretic peptide (BNP) (ARCHITECT BNF; produced by Fujirebio
Diagnostdes Ine. for Abbomt Laboratories) were measured on the Abbott
ARCHITECT i20005E analyzer. Glucose, glycated haemoglobin, urinary
microalbumin were measurad wsing standard aszays.

Cine cardiac magnetic resanance (CMB) scans were performed using
balanced fast field echo zequence (BFFE). All subjects were imaged on a
3 T magnedc resonance imaging system (Ingenia, Philips Healtheare,
The Metherlands) with a dStream Torso coil (maximal number of
chanmelz 32). BFFE end-expiratory breath hold cine images were ac-
quired in multi-planar long-axiz views (2-, 3-, and 4-chamber views).
Typical parameters were as follows: TR/TE 3/1 ms; flip angle, 45°; in-
plane spatial resolution, 1.0 mm « 1.0 mm to 1.5 mm »x 1.5 mm; slice
thickness, 8 mm; pixel bandwidth, 1797 Hz feld of view, 300 mo
frame rate, 30 or 40 per cardiac cycle. Dedicated Qztrain zoftware
(version 2.0, Mediz) was used in deriving LV longitudinal strain
including LV global longimdinal strain (LVIGLE), circumferential strain
(LWGCS), radial strain (LVGRE) and right ventricular global longitudinal
strain (RVGLE) [20]. We developed an in-houre semi-automatic algo-
rithm to track the distance (L) between the left atmoventricular junction
and a user-defined point at the mid posterior LA wall on standard CME
2- and 4-chambar views (4); [21,22]. Both 2- and 4-chamber views ware
uzed to generate the average sirain and strain rate results. Longitudinal
srain (¢) at any time point () in the candiar cycle from end-dizstole
(time 0] was caleulated asz: o) = (L) — Lg)/L,. LA reservoir strain
(&), conduit strain (¢, and booster strain («,) were caleulated at fequals
left ventricular end-cystole, diastasiz and pre-LA systole, recpectively.
Peak values of the frst ime derivative of the soain-tme curve at systole,
diastasiz and LA contraction comresponded to the respective peak sirain
ratez (SR). Strain and strain rate parameters from both 2- and 4-chamber
views were averaged to obtain mean results for analysis.

2.3 Merabolomics profiling

Antecubital venous blood samples (20-30 ml) were taken from
blood collection. After collection, the blood samplez were immediately
placed on iee for trancportation and were proceszed within 6 h tw obtain
serum samples, which were subsequently stored at — 207 C. Additionalby,
archived blosd samples obmined approximately 15 years prior to thiz
assezzment from zubjects whohad serum samples collected and stored at
the time of enrolment were anabyzed.

Serum metabolomic profiling analyziz was performed i the Duke-
NUS Mewabolomics Facility. Thawed serum sample: (50 pl) were
spiked with 10 pl deuterium-labelled amino acid mixture and diluted
with 400 pl methanol After centrifugation of the mixture at 17,000g for
S mine at 4 °C, the supematant fracdon was collected (10 pl) for aming
acid analyziz. A pooled quality control (QC) sample was prepared by
mixing equal amounts (10 pl) of each exiracted serum sample. Extrac-
ton and measurement of aming acid panels (guantified in unitz of pM)
were performed az previously described [25]. The methanol extracts
were derivatized with 3 M Hydrochlorie acid in butanol (Sigma Aldrich,
USA) for amino acid analysiz and diluted in water for analysis in LC-MS.
For aming acid analysiz, a C18 column (Phenomenex, 100 =« 2.1 mm,
L6 pm, Lama® Omega) on a Agilent 1290 Infinity LC syztem (Agilent
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Table 1 Table 2
Baceline clinical characterstics of the overall cohoet. Amino acids Comparisons between 0ld Non-DiM ve Old DM (Current sample].
Old Nen-DM Old DM [n prvalue (Old DM Amizo acids Hom pill] poralue Adjusted Adjusted P
[ = 3949 = 11&) vs Old mon-DM) (pady (E] Coef. (95% walae*
Clinical covariates = n= ol
Age (years) 73 (4.4) 73 (4.3 L1E:1) 154) s
Female gender, o{%) 207 (S1.99%) 48 (41.4%)  0iMe - - -
Body mass index (kg/m®) 23 (3.4) 24 (4.8) a7 Aleiine F;fﬂ ?l":'_] =iaoat :u.:]“*"b' =000t
systalic blood pressure 146 (Z.7) 145 (16.3) 056 )
(m=itg) Arginine 'IL'L? ;ur : 0034 1o 0043
2] 274 (197, —03)
Lu“:m:];lc blood pressare 74111} 70 {11.0) 0008 . o e .
Hean mate (beats per 720124) 750127 Qe . [“\" "ru.] e
mimute) Citrulline ;3_ ;u.s] o1 72(-123,  0.008
1L5) 1.3 1)
Hypertezsion, n, (%) 188 (47.1%) 4 (H10%)  <0000]
Dyslipidemia, n, (%) 171 (429%)  92(795%)  <0.000] Cutamate E“:? ;:': " Loo:  4QE170  Aus
Ever smoked, 1, (%] B2 (16.1%) 35 (927%)  <0.0001 =7 .
£ risk fartor =27 126 (32.5%) B9 (FRTW) 00001 Glycine ;f.] Ef;'i'] s
55, 2
Biomarkers Histidine T TAE (i)
ENF (pg/ml) 40 (37.4) 37 (37.5) 053 (221 (1585
Galectin-2 (mg/ml) 16.2(4.2) 183 (5.1) 00003 Lencine 120 135 o4
- Ee7 (434
Urinary creatinine (mmal,/ Bl (A TS5 (RO) 0.2z Helencine 131 1200 oa3
0 (5591 (49.E)
Urinary albumis (mg1) 5.8 (hLB) 3.2 (30.5) a.7s Methiogine 260 2.0 nos
Urinie albwumis to creatinine 4.7 (10.1) 40 (6T .56 .2 0.4
meio (mg/mumal) irmithine 932 801 ooz 10z ok
Glycated hoemoglobin (%) 5.9 (0.8) 68 (1.0) <0.000] (394  (208) (-222,1.7
Fhenplalanine 779 745 o1s
Handom ghecose (mg dL) 116 (37 1757 <00 n7.2 129
Prline 51 264 ooz 6 (B2, 0,008
(sedn  (97.3) 55.0)
Technologies, CA, USA) coupled with quadrupole-ion trap mass spec- Serine 119 1% gy
trometer (QTRAP 5500, AB Sciex, DC, USA) were uzed. Mobile phase A (25.3) {‘25_-5]
{Water) and Mobile phase B { Acetonitrile) both containing 0.1% Formic Trypioplen E::'_.] {'{me e u;]”[ &7, o0
acid were uzed for chromatography separation The LC run wasz per- Tyrosine ??_; t.?.:t 214
formed at a flow rate of 0.4 mL min~?! with initial gradient of 244 B for 213 e
0.8 min, then increased to 15% B in 0.1 min, 20% B in 5.7 min, 50%: B in Valine 247 248 ng7
Bl (e1m

0.5 min, 70% B in 0.5 min, fallowed by re-equilibration of the column to
the initial run comdition (2% B) for 0.9 min. All compounids were jonized
in posidve mode wsing v jomizadon The chromatograms
were integrated wsing MuldQuant™ 3.0.3 software (AB Sciex, DC, USA).

We studied serum sample: obained from our subjectz during the
current study period (2014-2017) (which we will refer to az current
sanmpies) az well az from archived zamples (1999-2004) (which we will
refer to as archived sanpies) collected from the study subjects at the dme
of their enrolment approximately 15 years ago. These archived samples
refer to samples from participants who were recruited from the
Singapore Chinese Health Study, where they had provided blood zam-
ples in the period 1999-2004 (Supplementary Fig. AL

2.4, Seatistics

Clinical characteristics are prezented as mean and standard deviation
(5D for confinnons data and frequency and percentage for categorical
dam. We azsezsed the statstcal significance of the differences betwesn
old participantz (aged=-65 years old at the time of recruitment im
2014-2017) with diabetes versus old participant: without diabetes.
Smident r-vest was uzed for condmious dam and Chi-square testwas used
for categorical data.

We determined amino acid profiles in zerum samples from the old
participantz, focnsing on those who had complete archived and current
zamples (old non-DM: n = 154; old DM: n = 53). We aszressed the
component metabolites, between D3 and non-DM uzing student &test
Far those that show an association with p < 0.05, we further performed
mulgvariable linear regrezzsion adjusted for clinical eovariates; female,
BMI and 2 or more risk factors (dyslipidemia, hypertension, smolking).

The associations between amino acid metabolites and cardiovaseular
funetons were asested by univariate Cox regression performed om

* Adjugted for famale BMI, CV of = 2.

change in the metabaolites (Supplementary Table Bl Further multivar-
iare regression model was performed on metaboliter that show an as-
sociation with p < 0,05 with cardiovascular (CV) function in univariate
analysiz adjusted for clinical covariates; female, body mazs index (BMI),
diabetes mellituz (DM) and 2 or more rizk factors (dyzlipidemia, hy-
pertension, smoking). Two CV functions were analyzed in the compar-
izon between old DM and old non-DM groups, (1) myocardial relaxation
defined az E/A <0.9 (mean E/A 0.9 in the study subjects) and (2) left
ammial comduit strain defined as ge <13.4 (mean ee 13.4 n the study
subjects).

All starisdical analyses ware performed using STATA 15 (College
Station, Texas, USA). For all analysis, a two-tailed P value of < 0.05 waz

3. Resultz

We studied a total of 515 participants (women 50%, n= 255} with a
mean age 73 years (5D = 4.3 years) who entered the Cardiac Ageing
classified into old group without diabetes (m = 399) and old group with
diabetes (n = 116). Baseline clinical characteristics of the two groups iz
showm in Table 1. Diabetic participants had lower E/A ratio (0.8 + 0.2 vz
0.9+ 0.3, p = 0.0039), lower left amial conduit strain (12 + 4.3% vz 14
+ 4. 1%, unadjusted p= 0.045), lower LA conduit strain rate (—1.2 + 0.4
5w —13 + 0.5 !, unadjusted p = 0.042) and lower ratio of LA
conduit strain to LA booster strain (0.5 + 0.2vs 0.7 £ 0.3, adjusted p =
0.0029). Pulmonary artery systolic pressure was higher among older
non-diabetics, compared to okder diabetics (28 + 7.0 vz 25 + 6.9 mmHg,
p = 0.001) (Supplementary Table A).
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Fig. 1. Longitudinal trends in amine acid profiles diferentiated diabetic alder adults with non-disbetic older adols.

Analyzes from ewrrent samples bazed on adjusted linear regression
showed that alanine, arginine, citrulline, glutamate and proline differ-
entiated clder participants with diabetez from non-diabetics. Specif-
ically, we obzerved that diabeder had higher alanine (562 vz 448, p <
0.0001), higher glutamate (107 vz 95, p= 0.016), higher proline (264 vz
231, p= 0.008) and lower arginine (107 v= 117, p = 0.043), lower
ciulline (30 vz 38, p = 0.006) levelz compared to non-diabeties
(Table 2).

Mext, we performed similar profiling on archived serum samples, az
well az computed the metaboliter” longimdinal change owver 15-year
period (Fig. 1). Longitudinal trends in amino acid profiles differenti-
ated diabetic older adults with non-dizbetic older adults. Over time,
there was greater accumuladon of alanine (OR 1.004, 953cCI
1.002-1.007, p = 0.002), proline (OR 1.01, 95%C] 1.002-1.01, p =
0.008) and (non-cignificant) trend towards greater accumulation of
ghyeine (OR 1.0, 958:C1 0.9993-1.01, p = 0.057) among the older di-
abeties compared to the older non-diabetics. Reductions in citmlline
levelz were more pronoumeed among the older diabetics compared to the
older non-diabetices (OR 0.96, 95%0C1 0.9-0.99, p= 0.005).

We next examined if these aming acid differences between older
diabetics and older non-diabetics were associated with their CV diffar-
encez. Lower current levels of arginine were associated with impair-
ments in E/A ratio (HR. 0.98, 95%:C1 0.97-0.99, p= 0.002) (Table 3). We
observed that higher levels of archived alanine (HR 1.003, 95%4Cl
1.001-1.004, p = 0.001) and higher levels of archived glycine (HR
1.004, 95%%C1 1.001-1.006, p= 0.006) were azsociated with higher risks
of impaimments in E/A ratio (Table 4). In addidon, there was an (non-
significant) trend towards higher risks of impairments in E/A ratio with
longimdinal increase in proline (HR. 1.004, 95%:C1 1.0-1.01, p= 0.073)
over time (Supplementary Table Bl

However, we found a range of amino acids that were found to be
associated with CV functions prezent im older adules, independent of
diabetez status. Longitudinal increase: in valine (OR 1.0, 9500Cl
0.99-1.0, p = 0.021) {Supplementary Table B) owver time, az well az in
higher current levels of valine (OR 1.0, 954:C1 0.99-1.0, p = 0L032)

(Table 3) and higher lewels of archived valine (HE 1.004, 953:Cl
1.001-1.007, p = 0.01 1) {Table 4 were associated with impairments in
E/A ratic. We observed zimilar associations in other memberz of the
branched chain amino acids, such as leucine and isoleucine. Higher
levels of archived leucine (HR 1.01, 95%:C1 1.002-1.02, p = 0.011) and
archived isoleucine (HR 1.01, 95%C1 1.003-1.02, p = 0.0006) were
associated with impairments in E/A ratio (Table 4). Higher levels of
archived serine (HR. 1.008, 95%C1 1.002-1.01, p = 0.008) and archived
glycine (HR 1.004, 95%:C1 1.001-1.006, p = 0.005) were associated with
impairments in E/A ratio (Table ). Lower current levels of hiztidine (OR
0,97, 95501 0.95-0.99, p = 0.009) were associated with worze LA
conduit sraim (Table 3). For methionine, lower cumrent levels of
meathicnine (OF 097, 95%C1 0.94-1.0, p = 0L039) (Table 3) were
associated with impairments with E/A ratio, although higher archived
levels of methionine (HR 1.04, 95%:Cl1 1.01-1.07, p= 0.003) (Table 4)
zeem to be aszociated with impaimments in E/A ratio az well.

Higher archived levelz of phenylalanine (HR 1.01, 95%:Cl
1.002-1.02, p = 0.015), archived typtophan (HR 1.02, 95%:C1
1.003-1.03, p = 0.016), and archived tyrosine (HR 1.02, 95%:C1
1.01-1.03, p = 0.0001) were associated with higher ks of impairments
in E/A ratio in old age (Table 4). The aszoriation between azpartate and
CV function waz mixed. While higher levels of archived aspartate were
associated with higher risks of impairments in E/A (HR 1.04, 95%:C1
1.02-1.05, p = 0.0001) and worse LA conduit strain (HR. 1.02, 95%:C1
1.002-1.04, p = 0.033) (Table £), lower current levels of aspartate (OR
0.94, 9594C1 0.90-0.99, p= 0.02) were associated with higher risks of E/
A in old age (Table 3).

4. Discussion

In a large soudy of commumity-dwelling older adultz without car-
diovazcular dizease we integrated phenotypic observations with croes-
sectional amd longitudinal metabolomic profiling to identify dizs-
tinguishing metabolic pathwayz altered in older adults with diabetes.

Our smudy showed that in obder subjects, higher alanine, glutamate
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Table 3 (contnued )

H) Oateomnes LA conduit strain, re £ 13.4%

Cumrent Eweness OR (95% P Adjusted Adjuested p.
Current Ewentss OR [95%: P Adffusted Adjusted p metaholites tivtal (=] value OR [45% vahie"
metabolites total oy value OR (95" valoe* iy
Alaning 1428 1.002 @lF Phenylalanine BT /164 1.001 045
o7 o, {oGE,
1.004) 1.02)
Argizine 1427 a9e (097, 0001 098097, 0002 Froline o [ B 040
@7 ) o) (0.95e,
Aspartaie 142/ 065 (050, 0024 094090, 0020 1.004)
@7 ) 0.54) Sarige e [ K 068
Citrulline 1420 98 (097,  alo (09,
a7 1.003) 1.01)
tiluinmaie 142/ 1.005 g Tryptophan 1 04995 06E
a7 (0L, 1.02) (o,
dilyrine 142 a5 wos1 1.02)
w7 {oua, Tyrosine EG 04T 062
1.00003) (oG,
Histidine 1428 L i8] 1.01)
207 (0.9, 1.01) Valine 7 1.003 028
Lecing 5382 oue (o, all - (ouE,
1002 1.01)
lleletscine 142 o W55 . _ , N -
- P Adjuoted for disbetes malline, female BMI, OV of = 2
1.004)
Methicnize e 047 (0594, 0034 097(094, 0039 and proline az well as lower arginine and citulline distinguished di-
- = 957y a.9e) abetics from nan-diabetics. Additionally, increasing alanine and proline
mithies l;: iﬁ?wn e and decreasing citrulline between archived and cuormrent samples also
Phesylalanine 142/ aes (057, 037 diztinguizhed diabetics from non-diabetics. We did not fnd any signif-
w7 1.01) icant associations between the BCAA and large neutral amino acids and
Froline e Loal L diabetes. This iz different from other studies which show a clear amo-
= gu'l;:f clation between higher semum leucine, izoleucine, phenylalanine, gyro-
Serine 142r L 8o sine and oyptophan amd inculin resistance (9;24). Our cchort iz
w7 {0U, 1010 comprized primarily of older adultz which iz in contrast to most other
Tryptophan 1427 48 (056, 005 stidies which have examined serum BCAA and insulin resistance in
S— ﬁ?_‘ :L‘;‘j’{‘a& s younger subjects (age 46-51) [24], (age 50-51) (9). BCAA changes with
f 1.01) agm.ug.a.m 1= hellc‘na:mmad [25] burt studies have azmanedolder
Valime 1427 099 (059, 0.043 099099, 0082 age with declining zerum BCAA [26-20]. Some stmudies associate
w7 L) OIS decreazing serum BCAA with ageing-related frailty and increased risk of
death while other studies show decreazed serum BCAA In healthy aged
ii} Oubcome: LA conduit srin, pe <13, 4% subjectz. The average age of owr soudy participants was 73 years so the
r— [N E— N adjasted Adjustedp fz.l.lu:m_m detsc:m@sjﬂﬂ#_ﬂwﬂhmaﬂmmmay be related
metabolites total (#1] valee DR (95% vahae* to ageing processes in our subjects.
ci® Higher serum glutamate(9); [29], alanine (9); [30] and proline (9)
‘Alanine ErI6% 1001 (L0, 020 have been associated with inculin rezistance and risk of type owo dia-
1.003) betes mellitus. Decreased cigulline (%) and changes in varous compo-
Arginine EFAIEG 05909, 00 nents of nitrogen handling [30] have alzo been associated with diabetes
P risk. Change: in alanine and glummate have also been linked to
Aspartate e :';J{”' s increased BCAA levelz (9) and thiz haz been explained to be az a rezult of
Citnalling ] el (096, 0.068 interactionz between all of there metabolites in central carbon path-
1.00Z) ways. I our study this association does not hold, perhaps due to ageing-
Glamare Eee 1o on related effects on BCAA. It may alzo mean that BCAA, alanine and
E‘-';i’;“- glutamate are not az intimately associated 2z previously assumed. The
Glyclne ] L 0.8e mlauothp 'be‘rwem.nmogeu ]:Imﬂlllﬂ and imulinm?smuce and dia-
(0.5, betes iz not well establizhed. Some soudies have made a link between gut
1.01) microbiome-derived nitrogen metabolite: and diabetes rizk [31] which
Histidize EFAG% 097 (096, 0009 097095, 0009 raizes a possible connection between our fndings of altered nitrogen
0.5 ) . . . . - - L
Leodine /54 1.0 55 ?.EI;’.UJ.DS, diabetes risk and gut microbiome compesition and activity
(0.9, a2
1.01) In the entire cohaort zeveral amino-acid related metabolite patterns
Iedesse ine: EF/1E% 1.004 012 emergad in ascociadon with worsening myocardial function. Current
EU'D':)J‘J' and/‘or archived waline, leucine and izoleucine was directly associated
Methbaine B 1005 076 Wlﬂl dunq;es in E_‘...-’A, reflecting altmuem_m myocardial relaxation
(0.9, Additionally, archived oyptophan and tyrosine showed the zame azmo-
1.04) ciation. These ‘large neumral amino acids” including the branched-chain
Omithize EF/16% u.w.{u.uu, 012 amino acids (BCAA), trvptophan and tyrosine have been consistently
1.002) showm to be elevated in insulin resistant states (9). Since ageing iz

Lied

considered a rizk factor for diabetes amd insulin resistance [33] it iz
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1) Owotcome: EAA <05

Outeomie: LA conduit strals, re < 13.4%

Archived Events/  HR(9SWO)  p Adjusted Adjusted
Archived Eveniss  HR (95 pevaloe Adjusied Adjusted metaholites ol value  HR[95% povalee®
metabaolites total ch HE(95%)"  pomlue* oy
Alanine 124 1.002 0003 1 moal 1001
180 (1000, (1.001, (n.99s,
1.003) 1.004) 1.004)
Arginine 4740 10001 oL Histidine 250163 099 (068, 018
(0.5, 1.01)
1001y Lewecine 21053 1004 [0.599, 045
Aspartate 124 1.08 <0001 L4105 <0.0001 1.0m)
180 (1.0, 1.05) leleucine 250163 101 (1002, 0020 1M ]
1.05) 10%) (0,
Citralline 1247 .58 or? 1402)
180 (LS Methiomine 250063 102059 0
1.00) 1.05)
Ghetamate 124 1.004 e Ormithine 250163 0996 (099, 019
180 (04995, 1.002)
1.0} Fhenplalanine 857163 101 (0598, 0.3
Glyeine 124/ 1.oE 0,041 1004 004 1.02)
180 (10001, (1.001, Proline 250063 1008 a1z
1.0} 1.00) (o,
Histidine 124 1.002 o 1.01)
180 (.54, Serine 250063 1002 .49
101} (DL,
Leucine 40761 1.0 o010 101 o1l 1.0m)
(1.002, (1002, Tryptophan 250063 10 (0SS, 09
1.0 1.0E) 1402)
Iedesscime 124 1.00 0.003 1.01 0006 Tyrosine 25063 101 (09T, 045
180 {1,004, (1008, 103
1.0 1.03) Valine 2563 1003 0095
Methionine 1247 1.08 0.004 1040101,  0.003 (0.4,
180 (101, 1.07) 1.01)
1.06) . .
- *Correct for diabetes mellitng, female, BMI, OV of = 2.
thi 2 | '
mEE L e E *Adjusted for dishetes mallitus, fernale, BM, OV of > 2
100y
Pheaplilanine 1247 1.m 0.013 10 0015 pocsible that ageing-associated insulin resistance, even in those not
0 (e Loeg, diagnosed with DM, is contributing to the relaxation sbnormalities
Frofine 124/ 1o 01s _ noted in thiz cohort [34]. Changes in myocardial BCAA metabolizm have
180 (.55, alzo been directly implicared in hearr failure both in human subjects
) ) 1.01h [25] az well as in mouse modelz [36].
firlee bwid 1.0 s 1.008 e In the antire eohort archived or current serine, glyeine and methio-
e e o nine were also associated with E/4 These amino acids contribute to-
Tryptophan 124/ 1.01 0.028 102 0.016 wards many distinet pathwayz but as a whele can be mapped back to
180 {1001, (1003, one-garbon membolizm (Fig. 2). Elements of the one carbon metabolizm
. ) 1.08) 1.0) pathway have been implicated in human LV dysfunetion [37], [35], and
Iyrosine 1;:3 ;].n:m 0,002 l.zj]n.m, ol L a jel of heart failure [39]. Changes in h ine and the
Loz : choline-related methylamine metabolites are linked to inereased sk of
Valine 124/ 1.004 0,05 1,004 o1l atherceclerogiz [11,40]. Owr obcervadon: among a zample of
180 {1000, (1001, commumnity-based participants expand upon these prior findings and
100y 1.00) suggest that these pathwayz may be important to look at in preventative
soudies. Our resultz lend zupport to another similar cohort of aged
Onuteome: LA conduit strain, ce <13.4% subjects, which has alzo reported associations between serine, arginine
Archived Bvents!  HE[95%CD)  p Adjusted Adjusted and tyrosine with ageing [41].
metabaolites todal valme  HR(95% p-value” The ageing DM group showed inereased levels of alanine, glutarnine,
ar proline with decreaszed arginine amd citrulline. These amino acids all
Alanine 85163 1002 0054 play a role in nitrogen transfer and excretion. The increased alanine and
(05597, decreased arginine noted in the ageing DM group was alzo found to be
. Lm . associated with E/A function. Both of these amino arids contribute to
Arginine B 125 1000 028 . . o - - -
o body nitrogen handling via inter-tizowe nitrogen wansfer (alanine) or
1.02) urea cyele (arginine) (Fig. 2) and have been implicated in HFpEF
Aspartaie HEAIBE 102 e 102 0,033 [37.42]. Other studies of heart failure hawve found associations with ni-
g’ﬁ“ ";’b'ﬁ—- trogen pathways [38,43]. Finally, a longinudinal study of normal ageing
Ctrall - u'” P - . haz shown arginine and cmithine declining in subjects as they age [37].
ine L 97, L3 . . . . - =
1.01) Theze findings point to a potential role for changes in nitrogen handling
Ghsinmaie BE/163 1.0003 ) in the pathogenesis of diabetes-related heart failure in older subjectz.
{0.49, 1.01) The strengths of our soudy include the large sample size and multiple
Gyclne e aaes time point zampling of participanits. Other smengths include a largely

quantitative techmique that provides absolute determination of
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Fig. & Cheerview of nitrogen handling and one carbon metabolizm pathways. Mitrogen handling: Nigogen iz funnallsd int glotamine via trancaminasion reactions

imolving various aming acids, the ghycoee-alanine cycle and cambolizm of amine acids such a0 proline and histidine. Glutamine and aspartate contribote nitrogen o

the urea cycle. One carbon metabaliom: Polic acid accepts one carbon groups from svariows sources. One carbon groups are trancferred from folic acid to purine, serine

and vitamin 512 Vitamin 512 transfers methyl groupe to homocysteine to ‘re-charge” methionine . 5-adenceylmethionine tranafers methyl groups to various targets
epinaphrins.

including DA, choline the methylamines (i= betaine sarcosine), coeatine and

metabolite which iz useful for precise correlations between metabolite
levelz and cardiowvascular outcomes. Despite these smengthe our study
has limitadons. The observatonal smdy design does not imply causality
between the metaboliter and their present-day cardiovascular fmetion.
Adaptve versus pathogenic recponses canmot be differentiated based on
thiz clinical study design, although it probably reflectz generalizable
real-world data. Artual mechaniztic studies such as animal stodies might
provide greater insights into adaptive versuz pathogenic respomses.
However, our human clinical data iz useful for nammowing dowm to
zpecific metabolic pathwayz, relevant to cardiovascular health states.
Similar soudies from other cohorts would be necessary to confirm our
observations, in addidon to improving generalizabilicy. We did not
comect for details such as medication data so that effects arizsing from
medication reamment are wnknown. However, thiz is a low risk com-
mumity cohaort (based on biomarkers such az glycated haemoglobin], for
wiich the observed relationzhips are more likely to be underestimated
than owverestimated. The marginal values in zome of the obzarved nsk
ratice may alzo reflect underestimation rather than overesdmation of
clinical significance.

The fasting stes of the subjects in our cohort was neither prezseribed
nor aseentained 2o that effecs of postprandial rise in amino acids
contributng to the zignal cannot be preciuded. Prior smdies thar re-
parted increased BCAA and large neutral amine acids in patents with
inzulin resiztance used fasting samples for the analyziz(9;24). In these
studies the BCAA leucine/izoleucine and valine as well az the large
neural amino acids phenylalanine tyrocine amd tryptophan were
elevated m obesity and insulin reziztant statez. In our sudy there were
no differences in BCAA while oyptophan was lower in diabetic versuz
non-diabetics. This difference may have come about due to our use of
zamples which were not azcermined to be fasdng. Another

]

consideration, is the age difference in our cohort (average age 73 years)
vz previous reported studies az dizeussed above. Among previous studies
that have examined cardiovaszoular function and serum metabolites,
fasting stamuz was not consistent. Cne study that used fasdng samples
found association between BCAA and heart failure subtypes [2]. A sec-
ond soudy which did not specify use of fasting samples identified various
amino acids including components of nitrogen handling az increazed in
heart failure with preserved ejection fraction wersus control [37]. A
separate study which also did not specify uze of fasting samples found
lower histidine and increased phenylalanine associated with heart fail-
ure diagnosiz [44]. Our curent smdy demonsmared associatdons be-
nween various amino acid levels and discrete measurements of
candiovazcular function, in particular left ventricle relaxadon. From an
upstream percpecdve, the left venmicle defects may represant early and
perhaps important drivers preceding clinical heart failure in older
adults.

Finally, while there may be analytic differences between non-fastng
serum samples and fasting serum zamples, a study had zhowm that
fasting, seazon of blood collecdon, and dme of day of blood collection
were not important sources of varability in measurements of most
metabalites [45].

5. Concluzion

Commumity-dwelling older adults with diabetes but no known car-
diovazenlar dizezse had alterationz in nitrogen hamdling metabolic
pathways that were aszociated with changes in cardiovascular functon
In ageing subjec, markers of BCAA and one -carbon metabolizm
pathways were azcociated with changes in cardiovascular function
regardless of diabeter stams. Theze fndingz can help broaden our
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understanding of how tssue metabolic pathways contribute to ageing-
related changes to cardiovascular function in the prezence or abrence
of diabetes.
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COMMENTARY (PUBLICATIONS #2 AND #3)

Main findings of both publications #2 and #3:

a) Metabolomics differentiated older adults with ageing and older adults with diabetes

mellitus

Both ageing and diabetes mellitus are risk factors that contribute to cardiovascular diseases in older adults.
The sera of both ageing and diabetes exist in the same circulatory milieu but individual or superimposed
effects of either are poorly characterised. Metabolomics, however, has the potential to map out joint or
disparate metabolic pathways. This is supported by emerging studies that have used metabolomics to
understand diabetes, insulin resistance and cardiovascular ageing*® °*. The clinical implication of ageing
with or without diabetes is significant, as there may be differences in cardiovascular phenotype, and
treatment. In older adults, age-associated decreases in left ventricular volumes, increases in left ventricular

mass index and deteriorations in diastolic function frequently accompany heart failure in ageing®.

Our work in these studies differentiated cardiovascular characteristics of older adults with and without
diabetes. All participants were examined and interviewed on one study visit by trained study coordinators.
Participants completed a standardised questionnaire that included medical history and coronary risk factors.
Sinus rhythm status was ascertained by resting electrocardiogram. Clinical data were obtained on the same
day as assessment of echocardiography and serum collection. Echocardiography was performed using
ALOKA a10 with a 3.5 MHz probe. In each subject, standard echocardiography, which included 2-D, M-
mode, pulse Doppler and tissue Doppler imaging, was performed in the standard parasternal and apical
(apical 4-chamber, apical 2-chamber and apical long) views, and three cardiac cycles were recorded. E/A
ratio was computed as a ratio of peak velocity flow in early diastole E (m/s) to peak velocity flow in late
diastole by atrial contraction A (m/s). Cine cardiac magnetic resonance (CMR) scans were performed using
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balanced fast field echo sequence (BFFE). All subjects were imaged on a 3T magnetic resonance imaging
system (Ingenia, Philips Healthcare, The Netherlands) with a dStream Torso coil (maximal number of
channels 32). Dedicated Qstrain software (version 2.0, Medis) was used in deriving LV and RV longitudinal
strain®. We developed an in-house semi-automatic algorithm to track the distance (L) between the left
atrioventricular junction and a user-defined point at the mid posterior LA wall on standard CMR 2- and 4-

chamber views.

There were non-diabetics (n=399) and diabetic (n=116) as shown in Table 2. Compared to the younger
group, participants in the overall older group had larger left ventricular wall thickness, left ventricular mass,
left atria size and volume, and poorer left diastolic function such as lower ratio of peak velocity flow in
early diastole to peak velocity flow in late diastole. Left ventricular and left atria sizes and structures were
similar in non-diabetic and diabetic subgroups. However, older adults with diabetes had lower E/A ratio
(0.8+0.2 vs 0.940.3, p=0.0039). Lower left atrial functions were observed among older adults with diabetes
compared to older adults without diabetes . Older adults with diabetes had lower left atrial conduit strain
(12+4.3% vs 14+4.1%, unadjusted p=0.045), lower LA conduit strain rate (-1.2+0.4 s-1 vs -1.3£0.5 s-1,
unadjusted p=0.042) and lower ratio of LA conduit strain to LA booster strain (0.5£0.2 vs 0.7£0.3, adjusted
p=0.0029). Pulmonary artery systolic pressure was higher among older adults without diabetes , compared

to older adults with diabetes (28+7.0 vs 25£6.9 mmHg, p=0.001) (Table 2).
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Older adults Older Univariate | ~Adjuste

Echocardiography measurements without adults with p-value d P-value
diabetes diabetes
(n=399) (n=116)
Interventricular septum thickness at end diastole (IVSD) (cm) 0.80 (0.1) 0.81(0.2) | 0.52 -
Interventricular septum thickness at end systole (IVSS) (cm) 1.3(0.2) 1.2 (0.2) 0.76 -
Left ventricular internal diameter end diastole (LVIDD) (cm) 4.4 (0.6) 4.3 (0.6) 0.12 -
Left ventricular internal diameter end systole (LVIDS) (cm) 2.5 (0.5) 2.4 (0.5) 0.41 -
Left ventricular posterior wall end diastole (LVPWD) (cm) 0.76 (0.1) 0.77(0.1) | 0.16 -
Left ventricular posterior wall end systole (LVPWS) (cm) 1.4 (0.2) 1.5(0.2) 0.28 -
Left ventricular outflow tract (LVOT) (cm) 2.1(0.2) 2.0(0.2) 0.26 -
Aortic diameter (AQ) (cm) 3.0 (0.4) 3.1(0.4) 0.084 -
Left atrium (LA) (cm) 3.6 (0.6) 3.7 (0.6) 0.55 -
Left ventricular ejection fraction (LVEF) (%) 74 (7.7) 73(9.2) 0.11 -
Left ventricular fractional shortening (LVFS) (%) 44 (7.4) 42 (7.8) 0.12 -
Left ventricular mass (grams) 120 (49) 116 (40) 0.41 -
Left ventricular mass index (grams/m?) 74 (27) 70 (22) 0.14 -
Left atrial volume (ml) 35 (13) 36 (14) 0.45 -
Left atrial volume index (ml/m?) 21 (7.7) 22 (8.2) 0.90 -
Isovolumic relaxation time (IVRT) (ms) 103 (18) 103 (20) 0.98 -
Peak velocity flow in early diastole E (MV E peak) (m/s) 0.71 (0.2) 0.70(0.2) | 0.51 -
Peak velocity flow in late diastole by atrial contraction A 0.81(0.2) 0.87 (0.2) | 0.005 0.15
(MV A peak) (m/s)
Ratio of MV E peak velocity: MV A peak velocity 0.91 (0.3) 0.82(0.2) | 0.003 0.039
Mitral valve flow deceleration time (MV DT) (ms) 213 (40) 222 (42) 0.034 0.23
Right atrial pressure (mmHg) 5.0 (1.3) 4.7 (1.7) 0.36 -
Pulmonary artery systolic pressure (PASP) (mmHg) 28 (7.0) 25 (6.9) 0.005 0.001
Peak systolic septal mitral annular velocity (Septal S') (m/s) 0.078 (0.02) 0.077 (0.01) | 0.38 -
Peak early diastolic septal mitral annular velocity (Septal E”) 0.074 (0.02) 0.067 (0.02) | 0.0003 0.021
(m/s)
Septal mitral annular velocity during atrial contraction 0.14 (0.6) 0.11 (0.02) | 0.60 -
(Septal A’) (m/s)
Peak systolic lateral mitral annular velocity (m/s) 0.10 (0.03) 0.10 (0.03) | 0.10 -
Peak early diastolic lateral mitral annular velocity (m/s) 0.094 (0.02) 0.088 (0.02) | 0.019 0.094
Lateral mitral annular velocity during atrial contraction (m/s) 0.12 (0.03) 0.13(0.02) | 0.51 -
Ratio of Peak velocity flow in early diastole E (MV E peak) 10 (3.3) 11 (3.1) 0.022 0.34
velocity to Peak early diastolic septal mitral annular velocity
(Septal E”)
CMR measurements (n=187) (n=51)
LV global longitudinal strain (LVGLYS) (%) -21 (2.9) -21 (2.9) 0.28 -
LV global circumferential strain (LVGCS) (%) -22 (3.8) -23 (3.1) 0.21 -
LV global radial strain (LVGRS) (%) 104 (25.1) 104 (19.5) | 0.98 -
Right ventricular global longitudinal strain (RVGLS) (%) -31 (5.4) -31 (5.5) 0.84 -
LA reservoir strain (es) (%) 31(6.9) 31 (6.2) 0.98 -
LA conduit strain (ee) (%) 14 (4.1) 12 (4.3) 0.045 0.28
LA booster strain (sa) (%) 17 (4.7) 18 (3.9) 0.065 -
Reservoir strain rate (SRs) (1/5) 1.5(0.5) 1.5(0.4) 0.92 -
Conduit strain rate (SRe) (1/s) -1.3(0.5) -1.2(0.4) | 0.042 0.30



Booster strain rate (SRa) (1/s) -2.2 (0.7) -2.3(0.6) | 0.19 -
Ratio of SRe/SRa 0.66 (0.3) 0.55(0.2) | 0.006 0.029

LAvolumemin (ml) 31 (12.6) 27 (10.1) | 0.044 0.016
LAvolumemax (ml) 64 (18) 57 (17) 0.017 0.006
LA ejection fraction (%) 52 (8.9) 52 (7.2) 0.92 -

Table 2: Cardiovascular characteristics of older adults without diabetes vs older adults with diabetes. ~
adjusted for female, BMI, CV rf>2

Next, we investigated the association between acylcarnitines and cardiac function.

Acylcarnitines are intermediates of fatty acids and branched-chain amino acid metabolism. Acylcarnitines
are essential for beta-oxidation and energy metabolism®’. They act as carriers to transport long chain fatty
acids into mitochondria for beta-oxidation to provide energy for cellular metabolism®. Reductions in
mitochondrial bioenergetics is an important hallmark of ageing®. Therefore, abnormal acylcarnitine levels
are biomarkers of mitochondrial dysfunction which have been used to study age-related conditions such as
frailty’® and Alzheimer’s disease™, in addition to type 2 diabetes mellitus®. Acylcarnitines may be
biologically classified based on their subspecies after catabolic metabolism, consisting of very long chain
(C>24), long chain (C12-22), medium chain (C8-10), short chain (C2-6), or short chain di-carboxyl and

hydroxylated species (-DC, -OH)™.

Blood samples were collected simultaneously with cardiovascular imaging acquisition. After collection,
the blood samples were immediately placed on ice for transportation and were processed within 6 hours to
obtain serum samples. Serum metabolomic profiling analysis for acyl-carnitines was performed in a
dedicated metabolomics facility. A pooled quality control (QC) sample was prepared by mixing equal
amounts (10ul) of each extracted serum sample. For acyl-carnitines, serum samples (50ul) were spiked with
10ul deuterium-labelled acyl-carnitine mixture and diluted with 400ul methanol. Data acquisition and

analysis were performed on an Agilent MassHunter Workstation B.06.00 Software.
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To identify acylcarnitines profiles and reduce the dimensionality of correlated metabolites, we performed
sparse principal component analysis (SPCA) using a penalised matrix decomposition. In SPCA, we
normalised the distributions of all metabolites by a logarithmic transformation. We assessed the component
metabolites within the significant PCA factors, between diabetic and non-diabetic using student t-test. For
those that show an association with p<0.05, we further performed multivariable linear regression adjusted
for clinical covariates; female, body mass index and risk factors (dyslipidaemia, hypertension, smoking).
To determine the association between serum metabolomic acyl-carnitine measures to cardiac function,
univariate Cox regression was performed on baseline and change in metabolite levels. Further multivariate
regression model was performed on metabolites that show an association with p<0.05 with cardiac function
in univariate analysis adjusted for clinical covariates; female, body mass index body mass index, diabetes
mellitus and risk factors (dyslipidaemia, hypertension, smoking). All statistical analyses were performed
using STATA 15 (College Station, Texas, USA), while the SPCA were performed by R. For all analysis, a

two-tailed P value of <0.05 was considered significant.
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Factors

Description

Components

Percentage of
variance
accounted

10

Medium and long-chain carnitines

Short- and medium- chain dicarboxyl/
hydroxyl carnitines

long chain dicarboxyl/hydroxyl carnitines

Long chain carnitines

Medium and long chain
dicarboxyl/hydroxyl carnitines

Wide spectrum carnitines including odd
short chain carnitines

Wide spectrum carnitines including odd
short chain carnitines

Wide spectrum carnitines including odd

short chain carnitines

Wide spectrum carnitines

Medium and long chain carnitines

C8, C121, C12, C120HC10DC, C142, C141,
C14, C163, C162, C161, C181

C3, C4, C5, C40H, C50HC3DC, CADCC60H,
C5DC, C810HC61DC, C8OHC6DC, C102,
C81DC, C8DC

C1220HC102DC, C1210H, C1420H, C1410H,
C1830HC163DC, C1820HC162DC, C201,
C20, C2020HC182DC, C2010HC181DC,
C200HC18DC, C221

C16, C183, C182, C181, C18, C204, C203,
C202, C201, C20, C2020HC182DC, C225,
C224

C4, C40H, C8DC, C120HC10DC, C1410H,
C140HC12DC, C1630HC143DC, C1620H,
C1610HC141DC, C160H, C1810HC161DC,
C180HC16DC, C2030HC183DC,
C2010HC181DC

C3, C4, C51, C5, C810HC61DC, C102, C101,
C120HC10DC, C143, C140HC12DC,
C1630HC143DC, C1610HC141DC, C160H,
C183, C18, C1810HC161DC, C180HC16DC,
C204, C2030HC183DC, C2010HC181DC,
C225, C222, C221

C2, C40H, C6, C81, C103, C102, C101, C10,
C122, C1220HC102DC, C1210H, C143, C142,
C14, C1410H, C162, C161, C16, C1620H,
C182, C1820HC162DC, C180HC16DC, C202,
C20, C2030HC183DC, C225, C224, C222, C22
C3, C4, C5, C40H, C4DCC60H, C5DC,
C810HC61DC, C8OHC6DC, C7DC, C8DC,
C122, C1220HC102DC, C160H, C183,
C2030HC183DC, C2020HC182DC

C101, C81DC, C120HC10DC, C1410H,
C1620H, C160H, C183, C1830HC163DC,
C1820HC162DC, C180HC16DC, C20,
C2030HC183DC,

C2010HC181DC, C200HC18DC, C223, C221
C102, C10, C12, C1210H, C143, C14,
C1430HC123DC, C163, C16, C182, C18, C204,
C203, C201, C20, C221, C22

11

6.9

6.8

6.4

1.7

3.1

4.3

2.3

25

2.3

Supplementary Table 2: Factors identified by sparse principal component analysis and the associated
individual components, description and variance.
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Based on adjusted linear regression analyses, long chain acylcarnitines (Factor 4), short chain acyl-

carnitines as well as di-carboxyl and hydroxylated acyl-carnitines (Factor 5 and 6) differentiated older

adults without diabetes from older adults with diabetes. For long chain acylcarnitine subspecies, participants

with diabetes had lower C18:2 (58.4 vs 67.4, p=0.020), C20:4 (4.2 vs 4.9, p=0.013), C20:3 (4.3 vs 5.3,

p=0.002) and C20:2 (3.9 vs 4.4, p=0.037)], compared to participants without diabetes. In terms of short

chain acyl-carnitines and di-carboxyl and hydroxylated acyl-carnitines, the participants with diabetes had

higher C4-OH (25.1 vs 13.0, p<0.0001), C14-OH/C12-DC and C18-OHC/16-DC (6.2 vs 4.5, p=0.020)]

compared to participants without diabetes.

Acyl-carnitines Non-Diabetic Diabetic | p-value Adjusted Coef. Adjusted P-value*
(n=154) (n=53) (95% CI)*
PCA factors
X1 0.05 (2.7) -0.1 (2.7) 0.68 - -
X2 0.06 (2.0) -0.2 (2.6) 0.48 - -
X3 -0.04 (2.2) 0.1(1.8) 0.61 - -
X4 -0.2 (2.1) 0.7 (1.9) 0.0080 1.0(0.3,1.7) 0.008
X5 -0.4 (2.0) 1.1 (2.6) <0.0001 1.3 (0.6, 2.0) <0.0001
X6 0.2 (1.1) -0.5(2.2) 0.004 -0.6 (-1.1,-0.2) 0.009
X7 -0.04 (1.7) 0.1(1.9) 0.60 - -
X8 -0.01(1.2) | 0.04 (1.3) 0.77 - -
X9 0.08 (1.4) -0.2 (1.2) 0.17 - -
X10 0.03 (1.4) -0.1 (1.4) 0.58 - -
Short chain
C3 543 (180) = 553 (201) 0.71 - -
C4 338 (144) | 345 (174) 0.77 - -
C4-OH 13.0(8.0) | 25.1(16.8) <0.0001 11.0 (7.5, 14.4) <0.0001
C5 95.9 (36.0) | 96.5 (39.8) 0.91 - -
C5:1 15.8 (5.4) | 16.5(7.3) 0.47 - -
Medium chain
C10:1 85.3 (55.8) | 86.0(79.4) 0.95 - -
C10:2 13.1(9.4) | 15.1(11.1) 0.24 - -
C12-OH/C10-DC 2.1(1.1) 2.5(1.2) 0.012 0.3 (-0.06, 0.7) 0.10
C8:1-0OH/C6:1-DC 27.8 (14.1) | 28.4(16.2) 0.81 - -
C8-DC 23.3(13.4) | 26.6 (13.2) 0.12 - -
Long chain
C14:1-OH 10.6 (6.0) 11.7 (4.6) 0.22 - -
C14:3 4.4 (2.6) 4.2 (2.5) 0.61 - -
C14-OH/C12-DC 5.9 (3.0) 8.5 (4.6) <0.0001 2.1(1.0,3.2) <0.0001
C16 106 (26.0) | 102 (29.3) 0.31 - -
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C16:1-OH/C14:1-DC 48(1.9) |  5.4(2.4) 0.055

C16:2-OH 43(1.8) 4.9(2.0) 0.040 0.4 (-0.2, 1.0)
C16:3-OH/C14:3-DC 13(0.9) 1.4(0.9) 0.36 -
C16-OH 55(27)  7.3(3.4) 0.0001 1.6 (0.6, 2.5)
C18 38.7(9.8)  37.3(8.5) 0.37 -
C18:1 116 (33.6) | 109 (28.0) 0.15 -
C18:1-OH/C16:1-DC 38(1.9) | 4.9(2.9) 0.0007 0.9 (0.1, 1.6)
C18:2 67.4 (20.3)  58.4 (16.2) 0004 -7.7(-14.2,-1.2)
C18:3 52(2.1) | 4.6(24) 0.13 -
C18-OH/C16-DC 45(32) | 6.2(3.1) 0.012 1.3(0.2, 2.3)
C20 53(1.8) | 5.0(L3) 0.36 -
C20:1 6.9(25) | 6.7(2.2) 0.49 -
C20:1-OH/C18:1-DC 72(41) 8.0(35) 0.23 -
C20:2 44 (15) | 3.9(1.2 0033 -0.5(-1.0, -0.03)
C20:2-OH/C18:2-DC 22(13) | 2.0(L0) 0.37 -
C20:3 53(2.4) 43(L7) 0005  -1.2(-1.9,-0.5)
C20:3-OH/C18:3-DC 12(07)| 13(0.8) 0.20 -
C20:4 49(20) 42(17) 0035  -0.8(-15,-0.2)
C22:1 31(20) | 2.8(L6) 0.54 -
C22:2 08(L2) | 0.7(0.4) 0.45 -
C22:4 11(07)| 1.1(0.6) 0.80 -
C22:5 1.8(0.8)  16(0.9) 0.16 -

Table 3: Acyl-carnitine Factors and significant components: Comparisons between older adults
without diabetes vs older adults with diabetes. *Adjusted for female, BMI, CV rf>2

We next examined the relationship between current serum acyl-carnitine profiles and CV structure and
function in older study subjects. Higher di-carboxyl acyl-carnitines were associated with higher risks of
impairments in E/A ratio (C12-OH/C10-DC, p=0.018); C18-OH/C16-DC, p=0.038). Similarly, higher di-
carboxyl acyl-carnitines were also associated with worse LA conduit strain function (C12-OH/C10-DC,
p=0.008); C14-OH/C12-DC, p=0.025); C16:3-OH/C14:3-DC, p=0.018). The short-chain acyl-carnitines
and hydroxylated acyl-carnitines were associated with worse LA conduit strain function (C4-OH,
p=0.0024); C5, p=0.024). Higher long chain acyl-carnitines were associated with higher risks of

impairments in E/A ratio (C16, p=0.002); C18:1, p=0.046). (Table 4).

Longitudinal associations between baseline acylcarnitines, delta change in acylcarnitine levels, and cardiac
function were further analysed. Higher levels of baseline long chain acylcarnitines were associated with

impairments in left ventricular relaxation (C20:3, p=0.014) (Figure 1A). Delta increases in long chain
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acylcarnitine were also associated with worse left atrial conduit strain function (C14:3, p=0.033); C18:1,
p=0.018); C18:2, p=0.028); C18:3, p=0.019); C20:4, p=0.038); C22:5, p=0.043) (Figure 1D). Higher levels
of baseline short chain acylcarnitine were associated with larger hazards impairments in left ventricular
relaxation (C5:1, p=0.011) as well as with worse left atrial conduit strain function (C5:1, p=0.037) (Figure
1A). Higher levels of di-carboxylated acyl-carnitines were associated with worse LA conduit strain function
(C16:3-OH/C14:3-DC, p=0.019) (Figure 1C). Increases in hydroxylated acyl-carnitines were also

associated with worse LA conduit strain function (C4-OH, p=0.017); C16:2-OH, p=0.037) (Figure 1D).

Figure 1: Acyl-carnitines and cardiovascular function

1a) Archived Acyl-carnitine and impaired myocardial relaxation
Blue circles and lines represent unadjusted hazard ratios (HR) for one-unit increase in archived acyl-
carnitine and its 95% confidence interval (95%CI) on impaired myocardial relaxation.
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1b) Change in Acyl-carnitine and impaired myocardial relaxation
Blue circles and lines represent unadjusted odds ratios (OR) for one-unit increase in archived acyl-
carnitine and its 95% confidence interval (95%CI) on impaired myocardial relaxation.
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1c) Archived Acyl-carnitine and impaired left atrial conduit strain
Blue circles and lines represent unadjusted hazard ratios (HR) for one-unit increase in archived
acylcarnitine and its 95% confidence interval (95%CI) on impaired myocardial relaxation.
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1d) Change in Acyl-carnitine and impaired left atrial conduit strain
Blue circles and lines represent unadjusted odds ratios (OR) for one-unit increase in archived acyl-
carnitine and its 95% confidence interval (95%CI) on impaired myocardial relaxation.
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Amino acids

Biologically, the heart is a muscular organ with unique amino acid requirements such that interactions
between pathways such as branched chain amino acids, one-carbon and nitrogen disposal pathways may be
relevant to both ageing- and diabetes mellitus- related cardiovascular dysfunction. We hypothesised that
amino acid profiles would further unravel metabolic signatures of ageing-related cardiovascular

dysfunction.

Thawed serum samples (50 pl) were spiked with 10 pl deuterium-labelled amino acid mixture and diluted
with 400 pl methanol. After centrifugation of the mixture at 17,0009 for 5 mins at 4 °C, the supernatant
fraction was collected (10 pul) for amino acid analysis. A pooled quality control (QC) sample was prepared
by mixing equal amounts (10 pl) of each extracted serum sample. Extraction and measurement of amino

acid panels (quantified in units of uM) were performed. The methanol extracts were derivatised with 3 M
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Hydrochloric acid in butanol (Sigma Aldrich, USA) for amino acid analysis and diluted in water for analysis
in LC-MS. For amino acid analysis, a C18 column (Phenomenex, 100 x 2.1 mm, 1.6 pm, Luna® Omega)
on an Agilent 1290 Infinity LC system (AgilentTechnologies, CA, USA) coupled with quadrupole-ion trap
mass spectrometer (QTRAP 5500, AB Sciex, DC, USA) were used. Mobile phase A (Water) and Mobile
phase B (Acetonitrile) both containing 0.1% Formic acid were used for chromatography separation. The
LC run was performed at a flow rate of 0.4 mL/min with initial gradient of 2% B for 0.8 min, then increased
to 15% B in 0.1 min, 20% B in 5.7 min, 50% B in 0.5 min, 70% B in 0.5 min, followed by re-equilibration
of the column to the initial run condition (2% B) for 0.9 min. All compounds were ionised in positive mode
using electrospray ionization. The chromatograms were integrated using MultiQuant™ 3.0.3 software (AB

Sciex, DC, USA).

Based on adjusted linear regression, alanine, arginine, citrulline, glutamate and proline differentiated older
participants without diabetes. In the presence of ageing, alanine, glutamate, proline were lower while

arginine and citrulline were higher, compared to older adults with diabetes (Table 2).

Amino acids Non-DM (n=154) | DM (n=53) p-value | Adjusted Coef. Adjusted P
(UM) (95%CI)* value*

Alanine 448 (111) 562 (145) = <0.0001 107 (66.6, 148) <0.0001
Arginine 117 (29.6) 107 (27.3) 0.034 -10.0 (-19.7, -0.3) 0.043
Aspartate 21.3 (6.1) 21.8 (6.3) 0.57 - -
Citrulline 38.2 (12.5) 30.3 (21.3) 0.001 -7.2 (-12.3,-2.0) 0.006
Glutamate 95.1 (22.7) 107 (27.3) 0.002 9.4 (1.8-17.0) 0.016
Glycine 227 (55.4) 235 (49.9) 0.36 - -
Histidine 79.7 (22.1) 78.8 (15.5) 0.79 - -
Leucine 120 (36.7) 135 (43.8) 0.14 - -
lleleucine 121 (55.9) 120 (49.6) 0.93 - -
Methionine 26.0 (9.2) 26.0 (10.4) 0.98 - -
Ornithine 93.2 (39.4) 80.1 (20.8) 0.022 -10.2 (-22.2,1.7) 0.093
Phenylalanine 77.9 (17.2) 74.5 (12.9) 0.19 - -
Proline 231 (56.9) 264 (97.3) 0.003 31.6 (8.2, 55.0) 0.008
Serine 119 (25.3) 119 (25.5) 0.93 - -
Tryptophan 54.8 (14.2) 50.2 (14.0) 0.039 -4.0 (-8.7, 0.8) 0.10
Tyrosine 72.5(21.2) 67.4 (20.7) 0.14 - -
Valine 247 (61.8) 248 (61.2) 0.97 - -

Table 2: Amino acids: Comparisons between Older adults without diabetes vs Older adults with
diabetes (Current sample). *Adjusted for female, BMI, CV rf>2
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Computing the metabolites’ longitudinal change over 15-year period (Fig. 1) further differentiated older

adults without diabetes with older adults with diabetes. Over time, there was lower accumulation of alanine

(OR 1.004, 95%Cl 1.002-1.007, p = 0.002), proline (OR 1.01, 95%Cl 1.002-1.01, p = 0.008) and (non-

significant) trend towards lower accumulation of glycine (OR 1.0, 95%CI 0.9998-1.01, p = 0.057) among

the older adults without diabetes compared to the older adults with diabetes. Increases in citrulline levels

were more pronounced among the older adults without diabetes compared to the older adults with diabetes

(OR 0.96, 95%CI 0.9-0.99, p = 0.005). Future interaction analyses that study changes in metabolites with

time between the groups would strengthen these observations.
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Figure 1: Longitudinal trends in amino acid profiles differentiated diabetic older adults with or without

diabetes.
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We next examined if these amino acid differences between older diabetics and older non-diabetics were

associated with their CV differences.

Lower current levels of arginine were associated with impairments in E/A ratio (HR 0.98, 95%CI 0.97—
0.99, p =0.002) (Table 3). Higher levels of alanine (HR 1.003, 95%CI 1.001-1.004, p = 0.001) and higher
levels of glycine (HR 1.004, 95%CI 1.001-1.006, p = 0.006) were associated with higher risks of

impairments in E/A ratio (Table 4).

Importantly, we found a range of amino acids that were found to be associated with CV functions present
in older adults, independent of diabetes status. Longitudinal increases in valine (OR 1.0, 95%CI 0.99-1.0,
p = 0.021) over time (Table 3) and higher levels of valine (HR 1.004, 95%CI 1.001-1.007, p = 0.011)
(Table 4) were associated with impairments in E/A ratio. We observed similar associations in other
members of the branched chain amino acids, such as leucine and isoleucine. Higher levels of leucine (HR
1.01, 95%CI 1.002-1.02, p = 0.011) and isoleucine (HR 1.01, 95%CI 1.003-1.02, p = 0.0006) were
associated with impairments in E/A ratio (Table 4). Higher levels of serine (HR 1.008, 95%CI 1.002-1.01,
p = 0.008) and glycine (HR 1.004, 95%CI 1.001-1.006, p = 0.006) were associated with impairments in
E/A ratio (Table 4). For methionine, lower levels of methionine (OR 0.97, 95%CI 0.94-1.0, p = 0.039)
(Table 3) were associated with impairments with E/A ratio. Higher levels of phenylalanine (HR 1.01,
95%CI 1.002-1.02, p = 0.015), tryptophan (HR 1.02, 95%CI 1.003-1.03, p = 0.016), and tyrosine (HR
1.02, 95%CI 1.01-1.03, p < 0.0001) were associated with higher risks of impairments in E/A ratio in old

age (Table 4).
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Table 3: Association between current metabolites and CV function

i) Outcome: E/A<=0.9

Current Events/total | OR (95% CI) p-value Adjusted OR Adjusted p-

metabolites (95%)* value*

Alanine 142/207 1.002 (0.999, 1.004) | 0.17 - -

Arginine 142/207 0.98 (0.97, 0.99) 0.001 0.98 (0.97, 0.99) | 0.002

Aspartate 142/207 0.95 (0.90, 0.99) 0.024 0.94 (0.90, 0.99) | 0.020

Citrulline 142/207 0.98 (0.97, 1.003) 0.10 - -

Glutamate 142/207 1.005 (0.99, 1.02) 0.39 - -

Glycine 142/207 0.995 (0.99, 1.00003) | 0.051 - -

Histidine 142/207 0.996 (0.98, 1.01) 0.56 - -

Leucine 53/82 0.99 (0.98, 1.002) 0.11 - -

Ileleucine 142/207 0.998 (0.99, 1.004) 0.55 - -

Methionine 142/207 0.97 (0.94, 0.997) 0.034 0.97 (0.94, 0.039

0.998)

Ornithine 142/207 0.999 (0.99, 1.01) 0.90 - -

Phenylalanine 142/207 0.99 (0.97, 1.01) 0.37 - -

Proline 142/207 1.001 (0.997, 1.01) 0.50 - -

Serine 142/207 0.998 (0.99, 1.01) 0.80 - -

Tryptophan 142/207 0.98 (0.96, 1.001) 0.059 - -

Tyrosine 142/207 0.99 (0.98, 1.01) 0.46 - -

Valine 142/207 0.99 (0.99, 0.9998) 0.043 0.99 (0.99, 0.032

0.9995)
*Adjusted for diabetes mellitus, female, BMI, CV rf>2
Table 4: Association between archived metabolites and CV function
i) Outcome: E/A<=0.9

Archived Events/total | HR (95% CI) p-value | Adjusted Adjusted p-

metabolites HR (95%0)* value*

Alanine 124/180 1.002 (1.001, 0.003 1.003 (1.001, 1.004) | 0.001
1.003)

Arginine 94/140 1.0001 (0.99, 1.01) | 0.98 - -

Aspartate 124/180 1.03 (1.02, 1.05) <0.0001 | 1.04 (1.02, 1.05) <0.0001

Citrulline 124/180 0.998 (0.98, 1.01) 0.77 - -

Glutamate 124/180 1.004 (0.9995, 0.078 - -
1.01)

Glycine 124/180 1.003 (1.0001, 0.041 1.004 (1.001, 1.01) 0.006
1.01)

Histidine 124/180 1.002 (0.99, 1.01) 0.79 - -

Leucine 40/61 1.01 (1.002, 1.02) 0.010 1.01 (1.002, 1.02) 0.011

lleleucine 124/180 1.01 (1.004, 1.02) 0.003 1.01 (1.003, 1.02) 0.006

Methionine 124/180 1.04 (1.01, 1.06) 0.004 1.04 (1.01, 1.07) 0.003

Ornithine 124/180 1.001 (0.997,1.01) | 0.58 - -
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Phenylalanine 124/180 1.01 (1.002, 1.02)
Proline 124/180 1.002 (0.999, 1.01)
Serine 124/180 1.006 (1.001, 1.01)
Tryptophan 124/180 1.01 (1.001, 1.03)
Tyrosine 124/180 1.01 (1.005, 1.02)
Valine 124/180 1.004 (1.001, 1.01)

*Adjusted for diabetes mellitus, female, BMI, CV rf>2

0.013
0.15

0.024
0.028
0.002
0.005

1.01 (1.002, 1.02)

1.008 (1.002, 1.01)
1.02 (1.003, 1.03)
1.02 (1.01, 1.03)
1.004 (1.001, 1.01)

0.015

0.008
0.016
<0.0001
0.011
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b) Specific metabolic pathway of relevance to cardiovascular ageing

Distinct alterations in fuel oxidation pathways in short chain and long chain acyl-carnitines, di-carboxyl

and hydroxylated acyl-carnitines

For the first time, we report links between fuel oxidation pathways in older adults to changes in their
cardiovascular function with ageing. Higher levels of long chain acylcarnitines were associated with
impairments in myocardial relaxation and worse left atrial function, likely reflecting early disturbances in

diastolic function.

For years, long chain acylcarnitines have been linked across the clinical spectrum of heart failure, from
heart failure with reduced ejection fraction (HFrEF), to heart failure with preserved ejection fraction
(HFpEF), to non-heart failure (HF) controls: long chain acyl-carnitine levels have been observed to be

greater in HFrEF than HFpEF, both of which were greater than non-HF controls™.

Our observations now directly link long chain acyl-carnitines to imaging markers of diastolic function, a
pathophysiological disturbance that predominates across the clinical heart failure spectrum. In addition,
levels of long chain acyl-carnitines obtained at baseline and also longitudinally, were associated with these
cardiovascular functions. We further observed that interval increase in long chain acyl-carnitines predicted

abnormalities in myocardial relaxation and left atrial conduit strain.

The short chain, hydroxylated- and dicarboxyl- acyl-carnitines are fuel intermediates which are generated
by the process of alpha- and omega oxidation™ ™. Short chain, hydroxylated- and dicarboxyl- acyl-
carnitines were specifically higher among older adults with diabetes, highlighting the importance of fuel

oxidation pathways in the pathogenesis of diabetes, a connection which has been well described”’. These
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pathways may also represent important treatment targets to ameliorate impact of diabetes on cardiovascular

outcomes in older adults.

Amino acids correlate to specific metabolic pathways: one-carbon pathways and nitrogen handling

pathways

Serine, glycine and methionine contribute towards many distinct pathways but may be mapped to one-
carbon metabolism (Fig. 2). Serine is a non-essential amino acid that is produced by the serine biosynthesis
pathway, from a branch of glycolysis that can be converted into glycine, providing carbon units for one-
carbon metabolism. Recent observations have linked deficiencies in the one-carbon metabolic pathway to
heart failure in both animal models and in human patients’®®. Our data reveals a correlation between these
metabolites involved in one-carbon pathway and ageing heart functions among a sample of community-
based participants. Our work concurs with another cohort of older women and men which had also observed

long term changes in serine as an ageing-associated metabolite that is independent from chronological age®.

In contrast, older adults with diabetes had increased levels of alanine, glutamine, proline with decreased
levels of arginine and citrulline. These amino acids are involved in nitrogen handling pathways. These
amino acids contribute to body nitrogen handling via inter-tissue nitrogen transfer (alanine) or urea cycle
(arginine) (Fig. 2) and have been implicated in HFpEF ™ #, Other studies of heart failure have found
associations with nitrogen pathways®* . Finally, a longitudinal study of normal ageing has shown arginine
and ornithine declining in subjects as they age™. These findings point to a potential role for changes in

nitrogen handling in the pathogenesis of heart failure in older subjects, among diabetics.
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Figure 2. Overview of nitrogen handling and one carbon metabolism pathways. Nitrogen handling:
Nitrogen is funnelled into glutamine via transamination reactions involving various amino acids, the
glucose-alanine cycle and catabolism of amino acids such as proline and histidine. Glutamine and
aspartate contribute nitrogen to the urea cycle. One carbon metabolism: Folic acid accepts one carbon
groups from various sources. One carbon groups are transferred from folic acid to purine, serine and
vitamin B12. Vitamin BI2 transfers methyl groups to homocysteine to ‘re-charge’ methionine. S-
adenosylmethionine transfers methyl groups to various targets including DNA, choline the methylamines
(i.e. betaine, sarcosine), creatine and epinephrine.

Overall, we observe associations between the various amino acids levels with measurements of
cardiovascular function associated with left ventricular relaxation. These left ventricle defects in ageing

may represent upstream changes that precede clinical heart failure in older adults.

I am the principal investigator of the study. My contribution to publications #2 and #3 includes obtaining
grant funding for this work, setting up the study protocol, recruitment of research participants, obtaining

ethical approval, data analyses, and manuscript review.
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Research Question #2:
Would metabolomics biomarkers identified in (1) differentiate
between physical activity levels, i.e., high versus low physical activity

practices, among older adults with cardiovascular ageing?
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PUBLICATION #4

Koh AS, Gao F, Tan RS, Zhong L, Leng S, Zhao X, Fridianto KT, Ching J, Lee SY, Keng BMH, Yeo

TJ, Tan SY, Tan HC, Lim CT, Koh WP and Kovalik JP.

Metabolomic correlates of aerobic capacity among elderly adults. Clin Cardiol. 2018;41:1300-1307%°.

“Background.: Aerobic capacity is a powerful predictor of cardiovascular disease and all-cause mortality,
and it declines with advancing age. Hypothesis: Since physical activity alters body metabolism, metabolism
markers will likely differ between subjects with high vs low aerobic capacities.

Methods: Community-based participants without physician-diagnosed heart disease, stroke or cancer
underwent same-day multimodal assessment of cardiovascular function (by echocardiography and
magnetic resonance feature tracking of left atrium) and aerobic capacity by peak oxygen uptake (VO2)
metrics. Associations between VO2 and cardiovascular and metabolomics profiles were studied in adjusted
models including standard covariates. Results: We studied 141 participants, of whom 82 (58.2%) had low
VO2, while 59 (41.8%) had high VO2. Compared to participants with high VO2, participants with low VO2
had more adverse cardiovascular parameters, such as lower ratio of peak velocity flow in early diastole to
peak velocity flow in late diastole by atrial contraction of >0.8 (76% vs 35%, adjusted odd ratio [OR] =
4.1, 95% confidence interval [CI] [1.7-9.5], P = 0.001) and lower left atrial conduit strain (11.3+4.0 vs
15.6+6.1%, adjusted OR = 1.1, 95% CI [1.002-1.3], P = 0.045). High VO2 was associated with lower
accumulation of wide-spectrum acyl-carnitines (OR = 0.6, 95% CI [0.4-0.9], P = 0.013), alanine (OR =
0.1, 95% CI [0.01-0.9], P = 0.044) and glutamine /glutamate (OR = 0.1, 95% CI [0.01-0.5], P = 0.007),
compared to low VO2. Conclusion: Elderly adults with low VO2 have adverse cardiovascular and
metabolic parameters compared to their counterparts with high VO2. Combined cardiac and metabolomics
phenotyping may be a promising tool to provide insights into physiological states, useful for tracking future
interventions related to physical activity among community cohorts.”
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1 | INTRODUCTION

Badkground: Aerobic capacity is 3 powerful predictor of cardiovascular disease and all-cause
maortality, and it dedines with advancing age.

Hypothesis: Since physical activity alters hody metabolism, metabolism markers will likely differ
between subjects with high vs low aerobic capacities.

Methods: Community-based participants without physidan-diagnosed heart disease, stroke
or cancer underwent same-day mulimodal assessment of cardiovascular function by echocardi-
ography and magnetic resonance feature taddng of left atrium| and aerbic capacity by paak
meygen uptake (VO3] metrics. Assodations bebween VO: and cardiovasoular and me tabolomics
profiles were studied in adjusted models induding standard covariates.

Results: We studied 141 participants, of whom 82 (58.2%) had low VO, while 59 418%) had
high WO Compared to partidpants with high V0., participants with low V0, had more adverse
cardiovascular parameters, such as lower mtio of peak velodty flow in early diastole to peak
velocity flow in late diastole by atia contraction of =08 (76% vs 35% adjusted odd mtio
[OR] = 4.1 95% confidence interval [Cl] [L7-9.5], P = 0L0D1) and lower left atrial conduit strain
{113 + 40 wvs 156 + 6.1% adjusted OR = 1.1, 95% Cl [L002-1.3], P = QuD45). High VO, was
asociated with lower accumulation of wide-spectrum acyl-camitines (OR = 0u4, 95% Cl
[04-0.9], F = Qu013), alanine {OR = 0.1, 95% CI [0.01-0.9], P = 0.044) and glutamine /glutamate
|OR = 0.1, 95% Cl [001-0.5], P = 0.007), compared to low VO,

Conclusion: Elderty adults with |ow VO have adwerse @rdiovasoular and metabolic paameters
compared to their counterparts with high VO.. Combined cardiac and metabolomics phenotyp-
ing may be a promising tool to provide insights into physiological states, useful for tading
future interventions related to physical activity among community cohorts.

KEYWORDS
aerobic capacity, aging cardiovasaular, elderly, metabolomics

Phiysical acthvity is assodated with many physiologic changes induding
inoeased aerbic cpadty and alterations in fuel metabolism. Exerdise-

Low aembic capacity is a strong predictor of cardiovascular disease
({CVD) and allcause rl'-l:n'lalrrl'yr.j‘i while increases in aerobic @padty are
associated with increased survival® Among aged populations, poor aer-
obic capacity indicates doser proxdmity o future dedines in cardiovas-
cularand other health indices ™

assodated changes in fud metsbolism can be tracked using different meth-
odologies, induding metabolomics. Metabolomics has ako been used to
study biochemical changes that ocour in different disease states, particu-
larty insulin redstance, type 2 diabetes and CWD.5*® However, thare have
been fewer studies that examine biochemical changes prior to the develop-
ment of overt disease ? While significant achievements have been made in

1300 I D 2018 Wiley Periodicals, Inc.

wileyon inelibrary com/journalice
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VD pathogenssis 2™ there is still lithe data on metabolomics reseanch
into physiological states prior to disease devaopment:

We weme interested in understanding the relationship between
peak oxygen uptake (VO] and markers of cardiometabolic disease in
otherwise hedthy elderly subjects. We sumised that levels of
endogenous metabolites as well as measures of cardiovasoular func-
tion may change accomding to W05 in otherwise healthy older adults.

This study was designed to chamacterize the metabolic profile
of community elderty adults with high WO in relation to their car-
diovascular profiles obtained by detailed camdiovasoular assess-
ment. These results may help advance mechanistic understanding
of how V03 drives future OVD and mortality risks, providing trans-
latable knowledge for future therapeutics and/or preventative
treatments.

2 | METHODS

The subjects were recruited from the cardiac aging study #:Aﬂ,n a
prospective study initiated in 2014 that examines chamcenstics and
determinants of cardiovascular function in eldedy adults.

The study sample consisted of men and women who participated
in the baseline CAS 2014 examination who had no self-reported his-
tory of physician-diagnosed CVD fsuch as coronary heart disease and
stroke) or cancer™. Written informed consent was obtained from par-
tidpants upon enrclment The SingHealth Centralized Institutional
Review Board (2014/628/C) had approved the study protocol All
methods were performed in accordance with the relevant guidelines
and regulations.

All partidpants were examined and interviewed on one study
visit by trained study coordinators. Participants completed a stan-
dardized questionnaire that included medical history and coronary
risk factors. Hypertension was defined by current use of antihyper-
tensive drugs or physician-diagnosed hypertension. Diabetes
mellitus was defined by current use of antidiabetic agents or
physician-diagnosed diabetes meliitus. Dyslipidaemia was defined
by cumrent use of lipiddowering agents or physidan-diagnosed dys-
lipidaemia. Smoking history was defined as ever smokers (former or
current smoking) or never smokers. Body mass index was caloulated
as weight in kilograms divided by the square of height in meters.
Sinus rhythm status was ascertained by resting electrocardiogram.
Clinical data were obtained on the same day as assessment of echo-
camiography, camdiac magnetic resonance (CMR) imaging, and

semum collection.

21 | Assessment of peak axygen uptake (VOy3)

‘We used a walidated nonexercise prediction model comprising physical
achivity guestionnaire to estimate peak moeen uptale, VO, milliliter’
kg/minute (mi kg/min).2*15 This simple physical activity questionnaire
consisted of age, gender, height, weight, estimated madmum heart rate,
frequency of exercise, length of time for eadh workout, intensity of each
workout, waistline diameter, and resting heart mte. The caloulator is
anailable online (https:y fensewoidi messlevelorg).

WILEY [y ==

22 | Transthoracic echocardiography imaging

Echocardiography was performed uwsing ALOKA «l0 (Hitachi
Medical, Wallington, CT, USA] with a 3.5-MHz probe. In each sub-
ject. standard echocardiography, which induded 2-0, M-mode, pulse
Doppler, and tissue Doppler imaging, was performed in the standard
parasternal and apical (apical 4-chamber, apical 2-chamber, and api-
cal long) views, and three cardiac cycles were recorded. The left ven-
tricular ejection fraction, left atra (LA} volume, and LA volume
index were measured. The trans-mitral flow E and A wave with the
sample volume position at the tip of the mitral valve leaflets from
the apical 4-chamber view were recorded by Doppler echocardiog-
raphy. Pulsed wave tissue Doppler imaging was performed with the
sample volume at the septal and lateral annulus from the apical
#-chamber view. The frame ate was between B0 and 100 fames
per second The fissue welodty pattems were recorded and
expressed as E' and A'. All mesurements were measured by the
same operator (ie, JLW.), and the measurements were averaged
over three cardiac oydes and adjusted by the interbeat interval.

23 | CMR imaging

Cine CMR sc@ans were performed using balanced fast field echo
sequence (BFFEL All subjects were imaged on a 3 T magnetic reso-
rnance imaging system (ingenia, Philips Heathcare, Amsterdam,
Metherlands) with a d5tream Torso coil (a maximal number of chan-
nels 32). BFFE end -expiratory breath hold cineimages were acquired
in muftiplanar long-axis views (2-, 3-, and 4-chamber views). Typical
paameters were as follows: Repetiion time/ echo time 3/1 ms; flip
angle, 45°; in-plane spatial resolution, 1.0 mm = 1.0 mm to 1.5 mm =
1.5 mm; slice thidkness, B mm: pixel bandwidth, 1797 Hz field of
view, 300 mm; frame rate, 30 or 40 per cardiac cyde. We developed
an inthouse semisutomatic algorthm to track the dis@noe
L} between the left atioventricular junction and a user-defined
point at the mid posterior LA wal on standard CMR 2- and
d-chamber views."*"” Both 2- and 4-chamber views were used to
generate the avermsge strain and strain rate results. Longitudinal
strain (g} at any time point (t) in the cardiac oycle from end diastole
(time 0) was caloulated as: st] = (Lit] — Lol/Lo. LA reservoir strain (e,
conduit strain (g.), and booster strain (e, were caloulated at t equals
left wentricular end systole, diastasis, and pre-LA systole, respec-
tively, and their corresponding peak strain mtes (SRs) derved
\Supporting  Information Fgure 51) Stmin and  strain rate
\5R) parameters from both 2- and 4-chamber views were averaged
to obtain mean results for analysis. Using data from 20 randomdby
selected subjects, intra- and intermbserver compamability was
assessed. Two independent observers anayzed all cases in the eval-
uation of interobserver varability {Shuang Leng and ¥iaodan Fhao),
while intraobserver variability was assessed from a repeated analysis
by the first observer (Shuang Leng after 7 days (Supporting Informa-
tion Table 51a). This technigue has beenvaidated against volumetric
measurements and the strain results obtained from comme rcial soft-
ware. Detzils about the technigue can be found in Supporting Infor-
mation Table 51b and Figure 52.
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24 | Metabolomics profiling

Antecubita] venous blood samples (20-30 ml) were taken from con-
senting parbdpants in the moming; fasting was not required before
blood collection. After collection, the blood samples were immediately
placed on ice for transportation and were processed within & hours to
obtzin serum samples, which were subsequentty stored at —-BOFC
Serum metabolomic profiling analysis was performed in the
Duke-MUS Metabolomics Facility. Thawed serum samples (100 pl)
were spiked with 20l deuterium-labeled amino add/acyl-camitine
miccture and diluted with B00-uL methanol. After centrifugation of the
micture at 170008 for 5 minutes at 20°C, the supematant fraction
was collected and divided into two parts: one (100 pl) for acyl-
camitine anaysis and one {10 pl) for amino add analysis. A pooled
gudity control sample was prepared by mixing equal amounts (10 pl)
of each extracted semm sample. Extraction and measurement of acyl-
carnitine and amino acid panels were performed as previoushy
descibed.*® Free and total L-carnitine anakysis was camied out as pre-
viously described® with modifications. 10 pl of 250uM dil-
carniting was added to 50 pl of plasma. 20 pl of the midure was
remowved for protein predpitation and further dilution using an addi-
fied methanol-water mixture (0.46% HQ in B0% MeOH). Free camitine
was estimated from the supematant by analyzing on an Agilent 4430
Triple Quadrupole liquid chromatography mass spectrometry and an
Agilent ¥DB-CA column {100 x 4.4 mm; partide size 18 pm] [Agilent

TABLE1 Baseline dinical characteristics and physical activity data

VoL low (n = B3

Age lyear] 738 (34)
Female 36 39N
Ewer smoker 20 [24.4%)
Body mass index fkg/m?) 24.5 (30
Hypertension 50 (610%)
Diabetes mellitus 24 [27.3%)
Dwslipldemia 44 (56.1%)
Heart rate (beats per minute) 758 (132)
Central systolic blood pressure {mm Hil 141.6 (17.6)
Central diastolic blood presure imm Hg) 767 (101)
Central mean arterial pressure (mm Hg 1030 (121)
Central pulse pressure (mm Hg 64.9 (162)
Phvysical activity
Frequency

Inactive 15 [18.3%)

Onoe aweek 1{12%)

2 103 times awesk 10 (12 2%)

Almaost everyday 55 [6BL3%)
Init ensity

Take it easy 79 [P63%)

Heanvy breath and sweat 33TR)
Druration

<15 min 20 [24.4%)

16 to <30 minutes 24 [29.3%)

30 to &0 minutes 17 (20.7%)

=1 hour 21 (25.6%)

Technologies, Santa Clara, Califomia) kept at 30FC. Chromatography
was performed by injecting 1 pl of the supernatant and eluting by
mobile phase A 0.1% formic add in water] and mobile phase B 0.1%
formic acid in acetonitrilel The flow rate was at 0.4 mL/min at 95% A
from O to 2 minutes, increased to 0B mLfmin at 10% A from 2 to
25 minutes, held until 2.8 minutes, changed to 95% A from 2.8 to
3 minutes, and the flow ate was reduced to 0.4 mL/min at ?5% A at
A4 minutes, and kept until 5.0 minutes. Data acquisition and anakysis
were performed on an Agilent MassHunter Workstation Bi04.00 Soft-
ware (Santa Clara, CA USA) For total camitine anabysis, 10 pl of 1-M
KOH was added to the remaining d;-L-carnitine and plasma mixcture.
Hydrolysis was performed by inubating the midure at 45°C for
15 minutes, followed by neutmlizing with 12-pl 1-M HCL 20 plL of
the supematant was used for protein precipitation and dilution with
acidified methanol-water mixture {0.6% HCIin 80% MeOH), followed
bry analysis with mass spectrometry 2= desoribed abowe.

3 | STATISTICAL METHODOLOGY

We first examined bivariable association of subject dinical characteris-
tics, physical activity, cardiac function, and LA function with high V0.
High W0 was defined as a VO, = 37 (ml‘kg/min) for men or VO, =
29 {ml/kg/min) for women* as mean VO, was 37 {mi/kg/min) for
meen and 29 {mi fkg/min) for women in our cobhort.

VO, high {n = 5%) Total{n = 141) Pralue
66.1(157) 70.6(112) <0, 0001
23(39.0%) 59 (416%) 054
10(17.0%) 30(21.3%) 029
22.1(28) 235(31) «0.0001
27(45.8%) T7(54.6%) 0073
F15.3%) 33(234%) 0.053
25 (424%) T1(50.4%) 011
70.3(110) 735(125 0.010
136.0(17.9) 139.3(17.9) 0.066
76.2(117) 745(10.7) 079
1004 {115) 1020({119) 02
59.8(18.5) S2B(17.3) 0.083
048
F{15.3%) 24(17.0%)
3(5.1%) 4 2E%)
5(8.5%) 15(10.6%)
42 (T1L7%) PB (69.5%)
0.00%
48(81.4%) 127 ($0.1%)
11(18.6%) 14 (9.5%)
073
14 (23.7%) 34(24.1%)
14 (237%) 3B(27.0%)
11(18.6%) 28(19.9%)
20(33.9) 41(29.1)
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Mean and 50 were presented for continuous data and frequency
and percentage for categorical data. We then used univariate logistic
regression to assess the rmole of B3 metsbolites including 45 acyl-
carnitine metabolites, 14 amino add metabolites, and 2 camitine
metzbolites, in contributing to high WO.. Metabolites with »25% of
walues below the lower limit of guantification were excluded from anal-
ysis {only C102 was excluded, hence a total of B3 metabolites were
analyzed in the final sample). We nomalized the distributions of al
metabolites by logarithmic transformation.

We reduced the dimensionality of correlated metabolites
165 acyl-carnitine metabolites and 2 carnitine metabolites] using
sparse principal component analysis (SPCA), which used a penalized
matrix decomposition. Compared to regular principal component anal-
ysis, SPCA is capable of producing sparse loadings, which makes it
more biologically interpretable. Specifically, we set the orthogonality

TABLE2 Cardiac functions by echocardiogram and LA function by CMR
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constraint on each component and the number of components to be
10. We reported the desoription on eath component and the propor-
tion of variance accounted. The association of each 10 SPCA factors
with high VO, instead of 45 acyl-amitine metabolites and 2 carnitine
metzbolites were analyzed.

Furthemmore, we used multivariable logistic regression to assess
the rmole of amino add metabolites and SPCA factors that show an
association with P < 0005 with high VO in univariate anabysis control-
ling for the significant clinical chamcterstics (age, body mass index
[BMI], and diabetes). Heart rate was not induded as it was already
used to compute VO,

Al statistical analyses were performed using STATA 13
\StataComp, College Station, Texas), while the SPCA was performed by
R. For al analysis, a3 two-tziled P value of <005 was considered
significant

WOz lowin = 82 VOzhighin= 59  Tota in = 141)  Pvalue Adjusted OR* P vadue
Interventricular septum thickness at end 0.86(0.18) 081 §0.13) 084 10.16) 0094
diiastole (1WSd) (om]
Interventricular septum thickness at end 130(0.28) 117 §0.24) 124 §0.26) 0004 0.3 0.1-1.8) 02
systole (W5s) om)
LVIDd {om) 4.50(0.64) 433 10.74) 442 1065 017
Left ventricular intemal diameter end 0.80(0.14) 074 (0.0%) 077 0.13) 00097 01§0003-52) 028
gystole (LVPW) (om)
LVPWs fom) 145 (0.24) 137 (0.28) 141 §0.26) 0.087
LVOT {om) 207(014) 205 §0.17) 206 §0.16) 064
Ao lom) 314 (044) 304 §0.49) 309 10.47) 023
LA kcm) 3810053 3.50 10.55) 368 10.58) 00015 0B D321 07
LVEF %) Td.44 (7 08) T3.64 (7.63) 74.10(7 30) 053
LV F5 %) 43.80(6.32) 4297 [5.48) 43,45 16.38) 047
LVMI fgrame./m] BRT2(27.27) 7520 |18 8%) B0.12(24.38) 0051
Ratio of peak velocity flow in eary diastole 28 (35.0%) 45 [76.3%) T3(525%) <0001 4.1 (1.7-9.5) 0.001
E (M E peak] im/s) to peak velodity
flow in late diastole by atrial contraction
A MV A peak] (mis) [EFA ratio] > 0.8
DT (m/s) 210.54 [38.67) 205.25 |36.58) 208.30 (37.81) 042
PASP fmim Hg) 2727 (647 27.06 [5.61) 27.1816.50) 0Ba
PY-5 fomy's) 5722(1150) 5848 (11.55) 57.76(114%) 054
PV-D fomy's) 47,07 (15.45) 49.02 (12.74) 47.50014.34) 045
P-Ar (ms) F241(16.63) F2.42 (16.04) F24101632) 100
Mitral inflow duration at atrial contraciton 11845 (1888 11343 (16.75) 11640 (18.10) 013
(M A duration (ms)
Left atrial function
Reservoir strain fe.) % 259078 328(7.4) 31178 0034 1010.7-11) 0%
Conduit strain [z % 11.3(4.0) 15.6 (4.1) 132(5.5) «00001  L1(1002-13) 0045
Booster strain (£, % 169 (5.6 143 3.9) 16.6 (5.0) 046
Reservoir strain rate (SRs) ™Y 1.5(0.5) 1.4) 10.5) 14 10.5) 008
Conduit strain rate (SRe) 57 —1.2(0.5) —17 {0.8) -14 0.7 00001 060218 03
Booster strain rate (Sra) 577 —22(0.8) —2200.8) —2240.7 og2
SReSRa 0.6(0.4) 0.8 10.4) 0.7 0.5 014

Abbreviations: Ao, Aortic diameter; BMI, body mass index; CME, X000 DT, deceleration time; W, 3000 WSs, X000 LA, left atrium: LVEF, left ventricular
ejection fraction: LV F5, left ventricular fractional shortening V1D, left ventricular intemal dismeter end disstole LWVMI, left ventricular mass indes:
LWOT, Levt ventricular outflow tract; LVPWE, 3000 L PWs, left ventricular posterior wall end systode; MW AL 3000 MW E, 3000 OR, odd ratio; PASP, pul-
manary artery systolic pressure; PY-Ar, pulmonary veln flow at atral contraction: PV-D, pulmonary veln disstolic velodty: PV-5, pulmonary vein systolic

welocity: SRa, X000 SRe, )00 SRs, 000
* Age, BML and diabetes were adjusted.
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4 | RESULTS

‘We studied a total of 141 partidpants, of whom B2 (58.2%) had low
WO, while 59 (41.8%) had high VO

Compared to paridpants with high VO, participants with low
VO, were older (mean age 738 + 346 ws 661 + 157 wears,
P = 0.0001), had a higher BMI (mean BMI 24.5 + 3.0 vs 22.1 + 2.8,
P < 0,0001), and a trend toward higher likelihood of diabetes mellitus
129.3% vs 153%, P = 0.053). In addition, partidpants with low VO,
wiere more likely to report doing low intensity exercise (“tale it easy’)
1P6.3% vs BL4%¥) as opposed to higher intensity exerdse [“heawy
breath and sweat”) (3. 7% vs 18.6%] (P = 0.003) (Table 1).

Compared to partidpants with high VO, participants with low
WO had more adverse cardiovascular pammeters, such as lower ratio
of peak velodty flow in eary diastole to peak velocity flow in late
diastole by atrial contraction of =0.8 (74% vs 35%, adjusted odd ratio
[OR] = 4.1, 5% confidence interval [CI: [1L7-2.5], P = 0.001) and
lower LA conduit strain (11.3 + 40vs 156 + 6.1, adjusted OR = 1.1,
95% CL [1.002-1.3] P = 0.045) (Table 2).

We anayzed serum samples from study subjects for B3 metabo-
lites comprising 65 acyl-carnitine metabolites, 14 amino acid metabo-
lites and 2 carnitine metabolites. The list of measured metabolites is
presented in Supporting Information Tables 52.

SPCA identified 10 acyl-carnitine factors dustering in biologically
relasted groupings (Table 3). Univariate association between each of

the 10 SPCA factors and risk of high VOs is shown in Table 4. Factor
2, Factor 5, and Factor B showed significant negative assodation with
high W02. However, after adjustment for significant dinical covariates
such as age, BMI and diabetes, only Factor B remained predictive for
high V02 |OR = 0.6, 95% ClI: [D4-0.7], F = Q013

Univariate associations betwesen amino adds and rsk of high VO,
were signifiant for danine, glutamine/glutamate, ghydne, and omi-
thine (Table 4). Multvariate analysis adjusting for significant clinical
covariates showed only alanine (OR =01 95% O [001-09)
P=0044) and glutamine/glutamate (OR = 0.1, 95% CL [001-0.5),
P = 0.007) were independent predictors for high V02

5 | DISCUSSION

In this cross-sedtional study, low peak oxygen uptake was associated
with potentially deleterious changes in camdiovascular structure and
function as well as with higher accumulation of wide-spectrum acyl-
camitines and several amino adds.

Cur nowvel study used a validated calulator of pesk cooygen
uptake to estimate peak oxygen uptake of a contemporary cohort of
community eldery adults. We provide novel support for this method
of peak oxygen uptake estimation by demonstrating that high calou-
lated V'O, was indeed associated with better cardiovasoular structure
and function. In fact, due to the detailed annotation of ardiovascular

TABLE3 Factors identified by sparse prindpal component analysis and the associated individua components, description and variance

Proportion of
Factors  Desorption Coom ponents wvarance socounted
1 Medium and long-chain camitines CB, CB-DC, C12:1, C12, C12-OHSC10-D6C, C14:2, Cld:1, C14, 011
C1&:3, C162C16:1, C181
2 Short-chain dic arsoond hydro o camitines €3, C4, C5:1, C4-OH, Cé, CEOHCIDC CADCCE0H, C5DC, 0.063
CE10HCA1DC, CBOHCSDC, C103, CB1DC, CB-DC
3 Medium and long-chain dicarboonyl hydroosyd CE10HCAIDEC, C1220HCI02DCC12 10H,C14 20H, C1410H, 0072
cannitines CL630HC1430:C.C1620HC1B30HC1A30C, C201, C20,
C2010HC1B10:C, C20OHC1EDC, C221 C1B20HC162DC,
4 Loy - chail m cammiti nves €16, C183, C182 C161, C18 C204,C203, C202, C201, 0060
CHIOHCIBIDC C2 25, C304 C223
5 Medium and long-chain dicarboonyl hydroosyd C40H, CBOHCE D, CBDC,C1 20HC 100 ,C1410H, 0074
carnitines CL40HC120C, € 1620H,C16 10HC 14 1DC,C1B0HCL 0C,
C30, CANOHCIEIDE, C160H,C1810HC1 4106,
C200HC18DC
1 ‘Wide-spectrum carnitines induding odd €2, C3. €51, C50HC30C, €101, CTDC. €121 C12 C14,
short-chain carnitines C1420H, C163
7 ‘Wide-spect rum cannitines induding C14620H, C160H, C183, C182 C18, C1B30HC1 630C, 01038
ketone-derived camitine CLE2OHC162DC, C204, C203, C20Z C201, CRO30HCIBIDC,
C228, C223, C222, C22, free camitine, Total Camitine
B ‘Wide-spectrum carnitines induding odd C3, C51, C4DCCHOH, C50C, CB10HCA1 DL, CBOHCADC, 0.022
short-chain cannitines C7DC, CB1DC, CBDC, C122 €121 C120HCI0DC,
C140HC12DC, C 16, C160H, C1830HC163DC,
C1BOHC14DC, €204, C201, C200HC1BDC, C224, C223,
C222, C221 free Camitine, Total Camitine
e ‘Wide-specturm carnitines induding €2, C51, C40H, C4, CSOHCIDC, CB1OHCA1DC, C101, CRIDC,  0.023
ketone-derved camitine Ci2 C1220HCI020:C, C1210H, C14, C1420H,
Ci40HC12DC, C162 C183, C182 C181, C1B30HC163DC,
C1820HC1620:C, C1810HC161DC, C180HCL 60:C, C204,
C203, CX010HC1B1DC, CHOHCIBDC, C2 25, free Camitine,
Taotal Camitine
10 Medium and long-chain camitines €10, C143, C142 C14, C1430HC123DC, C1420H, C143, C14, 0.023

C181, C18, C1820HC162DC, CX04, C203, C201, CX0, C221,

cx2
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TABLE4 Differences in metabolomic patterns

WO low WO, high Total
Acylcamitines
Factor 1 -01{27) 0127 oz.n
Factor 2 0323 —04 (18] 020
Factor 3 —0.01{21) 002 (2.4) 023
Factor 4 —0.04(2.3) 0.05 (L% 02.1)
Factor 5 0.3(24) —051) 023
Factor & 02{L5) 02T 01.6)
Factor 7 -01({1E) 0.1 (1.8 018
Factor & 0210 —03(14) Ll e
Factor ¢ —0.1{15) 0.2 {1L0) 0.3
Factor 10 0.05(1.4) 0113 0i1.3)
Amino acids
Ala H2(0.3) 6110.2) &2102)
Arg 47002 4810.2) 4710.2)
Asp 3103 3103 31§03
Cit 34(04) 35 0.4) 350.4)
Glu 4.6{0.2) 440103 45 (02)
Ghy 4102 5502 4103
His 4.3(0.2) 4310.2) 4.310.2)
lleleu 5010.3) 4.910.3) 50403
et 32004 3204 32104
Om 4.5(0.3) 4.4 10.3) 4.4 10.3)
P 43002 4310.2) 43003
Pro 55(03) 5510.2) 55032
Ser 4.8(0.2) 4810.3) 48102
Trp 39002 4010.3) 4010.3)
Tyr 4.3(0.3) 42103 4.2 0.3
Wal 55(0.3) 5403 55103

Abbreviations: BML, body mass indess OR, odd ratio.
* Age, BM| and diabetes were adjusted.

structure and function obtained from CMR imaging and echocardio-
gram, the association between Vg as caloulated by this method could
be directly linked to specific indices of OV structure and function.

In this community cohort without CVD, we provide novel evi-
dence that VO, was assodated with better LA function as assessed
by CMR feature tracking. We observed a positive association between
LA reservoir and conduit strain with high WOy in our study. Inaddition,
LA conduit strain remained strongly associated with high VO, after
adjustment for dinical factors. To the best of our knowledge, our
study is the first to cleary demonstrate the potential dinical impor-
tance of LA strain by this sensitive method of CMR feature tradding.
The association between high LA strain and high VO, suggests that
impaired LA mechanics may lead to poor augmentation of cardiac out-
put with exertion and decreased exercise tolerance.

We detected a significant negative correlation between peak oxy-
gen uptake and metbolic profile in 3 cohort of aged community
adults with different levels of V0. Previous studies have recognized
differences in the metabolic profile of subjects with varying levels of
activity™ ** or upon exposure to different levels of exerdse 5 In
this study, we found significant differences in a wide spectrum of

WILEY [ ==

OR (5% a) P vallue Adjusted OR* P value
10 05-12) 0.49
08 [07-10) 0.030 09(08-13) 0.55
10109-12) 0.94
1010913 0.81
05 [0.7-10) 0.038 0 (07-11) 021
0 [0.7-11) 022
110513 054
07 [015-10) 0.035 0.6(0.4-09) 0.013
12 109-15) 0.25
09 [07-13) 0.41
0.1 [003-07) 0.018 0.1(0.01-05) 0044
21 [05-9.0) 0.34
05 [0.2-18) 031
16 08-4.1) 0.14
0.03 [D0050.1) <01,0001 0.1{001-05) 0007
108 (1L8-629) 0.0080 5&(07-445) 0.099
180482 0.44
06 [02-2.1) 0.47
13 f15-33) 052
03 [0.1-10) 0.049 0.4(01-18) 0.24
0.4 [01-2.4) 0.32
03 [01-11) 0.049
1010253 0.94
33{08-132) 0098
04 [01-13) 0.085
07 [02-25) 0.63

acyl-camitine spedes induding short-chain dicarbooyl-camitines a
well a long-chain acyl-amitines. The long-chain acyl-camitines are
derived from oxidation of fatty add fuel Elevations in long-chain acyl-
camitines have been previously assodated with impaired mitochon-
driad fuel metabolism and obesity associated-insulin resista nce ™ The
negative association of long-chain acyl-camitines with peak ooygen
uptake fits with the notion that deoreased W0, is linked to diminished
mitochondrial oxidative capacity and risk for metabolic disease. The
study also demonstrated a negative assodation between short-chain
dicarboxylcarnitines, W0 and various measures of cardiac function.
Previous studies have linked accumulation of dicarboogd-camitines
and increased risk of recurent cardiovasoular events ®

We observed a negative association between glutamine/gluta-
mate and alanine with high VO in our study. Low alanine has previ-
ously been linked to higher levels of physical act'ru'ihr_:’:' Bath alanine
and glutamine/ghitamate serve as anaplerotic substrates, which @n
directly feed into the tricarboxyic acid (TCA] cyde. Lower levels of
these amino adds may be indicative of higher TCA oycle tumaover and
increased overall mitochondrial activity, which is associated with
increased exercise. ¥
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4b. Reduced levels of
anaplerotic substrate: alanine

Mitochondrial fuel
substrates

Leng-chain
fatty acid

3. Increased clearance of
leng chain fatty acid co-
enzyme Alcarnitines

4a. Reduced levels of anaplerotic
substrate: glutamine/glutamate

FIGURE1 High peak moygen uptake (VO;) may be associated with increased tricarbooylic acid cyde adtivity | 1). This leads to increase inflow of
carbon fuel into mitochondria patheays (2. A conseguence of this could indude reduced accumulation of long-chain fatty acid co-enzyme
A/ carnitine fuel as a result of higher fuel cdidation rates (3) and reduced build-up of {4a) glutamine/glutamate and (4b) aanine due to higher

anaplerorosis

Asillustrated in Figure 1, a potential explanation for our com-
bined metabolomics findings could be that higher peak oxygen
uptake is associated with increased TCA cycle activity, which
leads to increase inflow of carbon fuel into mitochondrial path-
ways. This results in reduced accumulation of long-chain fatty
arids due to higher fuel oxidation rates and reduced build-up of
anaplerotic substrates such as glutamine /glutamate and alanine
due to higher anaplerorosis. Therefore, our study provides poten-
tial mechanistic evidence as to how increasing peak oxygen
uptake, through physical adtivity for instance, reduces cardiovas-
cular risk by reducing long-chain fatty acids, glutamate /glutamine
and alanine.

We admowledge limitations in our study. Sample size was rel-
atively small although statistically significant associations between
the groups could be identified. While we corrected for available
clinical factors, we cannot exclude the possibility that additional
factors that were not included could have influenced our findings.
The serum samples were obtained in a nonfasting state, which
may potentially introduce analytic differences in postabsorptive
states between the subjects studied. As a community-based
driven study, we recognize challenges in getting elderly commu-
nity subjects to fast. Future studies comprising of fasting samples
may provide additional insights as to the effect of fasting on simi-
lar analyses. One advantage of our study, however, was the pro-
spective collection of blood samples at the same time as the
cardiovascular measurements. Our study design is cross-sectional
and hence we cannot infer causal relationships. Future longitudi-
nal follow-up of these participants may provide greater insights
into causality. Despite these limitations, our results highlight the
clinical relevance of pursuing future dinical investigations using
both a clinical imaging and a molecular approach as such an inte-
grated approach may help identify mechanisms invohled in CVDs
in specific cohorts.*?

& | CONCLUSION

Community elderty adults with low peak moygen uptake have adverse
cardiovascular and metzbolic pammeters compared to their counter-
partswith high peak oxygen uptake. Combined cardiac and metabolo-
mics phenotyping may be a promising tool to provide insights into
physiologica states, useful for tracking future interentions related to
physical activity among community cohorts.
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COMMENTARY

Main findings of this study:
a) Low physical activity was associated with deleterious changes in cardiovascular structure and
function
b) Metabolomics differentiated older adults with high versus low physical activity capacities
c) Wide-spectrum acylcarnitines and several amino acids produced a convergent signal of

impairments in cardiovascular structure associated with low physical activity capacity

This study was designed to characterise the metabolic profile of older adults at different levels of physical
activity capacities, studied in relation to their cardiovascular profiles obtained by detailed cardiovascular

assessment.

Community-based older adults without physician-diagnosed heart disease, stroke or cancer underwent
same-day multimodal assessment of cardiovascular function (by echocardiography and magnetic resonance
feature tracking of left atrium) and aerobic capacity by peak oxygen uptake (VO2) metrics. Associations
between VO2 and cardiovascular and metabolomics profiles were studied in adjusted models including

standard covariates.

Based on a simple physical activity questionnaire, a validated nonexercise prediction model was used to
estimate peak oxygen uptake, VO2 milliliter/kg/minute (ml/kg/min)® & This simple physical activity
questionnaire consisted of age, gender, height, weight, estimated maximum heart rate, frequency of
exercise, length of time for each workout, intensity of each workout, waistline diameter, and resting heart

rate.
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We first examined bivariable association of subject clinical characteristics, physical activity, cardiac
function, and left atrial function with high VO2. High VO2 was defined as a VO2 > 37 (ml/kg/min) for
men or VO2 > 29 (ml/kg/min) for women as mean VO2 was 37 (ml/kg/min) for men and 29 (ml/kg/min)
for women in our cohort. Univariate logistic regression assessed a total of 83 metabolites (65 acylcarnitine
metabolites, 16 amino acid metabolites, and 2 carnitine metabolites). Metabolites with >25% of values
below the lower limit of quantification were excluded from analysis (only C102 was excluded, hence a total
of 83 metabolites were analysed in the final sample). We normalised the distributions of all metabolites by
logarithmic transformation. We reduced the dimensionality of correlated metabolites (65 acyl-carnitine
metabolites and 2 carnitine metabolites) using sparse principal component analysis (SPCA). The association
of each SPCA factors with high VO2 were analysed. Multivariable logistic regression was used to assess
the role of amino acid metabolites and SPCA factors that show an association with P < 0.05 with high VO2
in univariate analysis controlling for significant clinical characteristics (age, body mass index [BMI], and

diabetes).

We studied a total of 141 participants, of whom 82 (58.2%) had low VO2, while 59 (41.8%) had high VO2.
Compared to participants with high VO2, participants with low VO2 were older (mean age 73.8+3.6 vs
66.1+15.7 years, P <0.0001), had a higher BMI (mean BMI 24.5+3.0 vs 22.1+2.8, P < 0.0001), and a trend
toward higher likelihood of diabetes mellitus (29.3% vs 15.3%, P = 0.053). In addition, participants with
low VO2 were more likely to report doing low intensity exercise (“take it easy”) (96.3% vs 81.4%) as

opposed to higher intensity exercise (“heavy breath and sweat”) (3.7% vs 18.6%) (P =0.003) (Table 1).
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VO2 low VO2 high Total p-value
(n=82) (n=59) (n=141)

Age (year) 73.8(3.6) 66.1(15.7)  70.6 (11.2) <0.0001
Female 36 (43.9%) | 23 (39.0%) | 59 (41.8%) 0.56
Ever smoker 20 (24.4%) @ 10 (17.0%) @ 30 (21.3%) 0.29
Body mass index (kg/m?) 24.5 (3.0) 22.1 (2.8) 23.5(3.1) <0.0001
Hypertension 50 (61.0%) = 27 (45.8%) @ 77 (54.6%) 0.073
Diabetes mellitus 24 (29.3%) 9 (15.3%) @ 33(23.4%) 0.053
Dyslipidaemia 46 (56.1%) | 25 (42.4%) | 71 (50.4%) 0.11
Heart rate (beats per minute) 75.8(13.2) | 70.3(11.0)  73.5(125) 0.010
Central systolic blood pressure 141.6 (17.6) | 136.0 (17.9) | 139.3(17.9) 0.066
(mmHg) *
Central diastolic blood pressure 76.7 (10.1) | 76.2(11.7) = 76.5(10.7) 0.79
(mmHg) *
Central mean arterial pressure 103.0 (12.1) | 100.4 (11.5) | 102.0(11.9) 0.20
(mmHg) *
Central pulse pressure (mmHg) * 64.9 (16.2) | 59.8 (18.5) | 62.8(17.3) 0.083
Physical activity
Frequency 0.48

Inactive 15 (18.3%) 9 (15.3%) | 24 (17.0%)

Once a week 1 (1.2%) 3 (5.1%) 4 (2.8%)

2 to 3 times a week 10 (12.2%) 5(8.5%) | 15 (10.6%)

Almost everyday 56 (68.3%) = 42 (71.2%) @ 98 (69.5%)
Intensity 0.003

Take it easy 79 (96.3%) | 48 (81.4%) | 127 (90.1%)

Heavy breath and sweat 3(3.7%) 11 (18.6%) 14 (9.9%)
Duration 0.73

<15 min 20 (24.4%) @ 14 (23.7%) @ 34 (24.1%)

16 to<30min 24 (29.3%) 14 (23.7%) = 38 (27.0%)

30 to 60 min 17 (20.7%) | 11 (18.6%) @ 28 (19.9%)

>1 hour 21 (25.6%) 20 (33.9) 41 (29.1)

Table 1: Baseline clinical characteristics, and physical activity data

Compared to participants with high VO2, participants with low VO2 had more adverse cardiovascular
parameters, such as lower ratio of peak velocity flow in early diastole to peak velocity flow in late diastole
by atrial contraction of >0.8 (76% vs 35%, adjusted odd ratio [OR] = 4.1, 95% confidence interval [CI]:
[1.7-9.5], P=0.001) and lower LA conduit strain (11.3+4.0 vs 15.6£6.1, adjusted OR = 1.1, 95% CI: [1.002-

1.3], P = 0.045) (Table 2).
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VO2 low VO2 high | Total p-value | *Adjusted | Adjusted
(n=82) (n=59) (n=141) OR p-value
Interventricular septum 0.86 (0.18) | 0.81(0.13) | 0.84 (0.16) 0.096
thickness at end diastole
(1vSd) (cm)
Interventricular septum 1.30 (0.26) 1.17 (0.24) | 1.24 (0.26) 0.0040 0.3(0.1- 0.20
thickness at end systole (1VSs) 1.8)
(cm)
Left ventricular internal 450 (0.64) = 4.33(0.74) | 4.42(0.69) 0.17
diameter end diastole
(LVIDd) (cm)
Left ventricular internal 2.52 (0.50) | 2.53(0.44) | 2.52(0.47) 0.92
diameter end systole (LVIDs)
(cm)
Left ventricular posterior wall | 0.80(0.14) = 0.74 (0.09) | 0.77 (0.12) 0.0097 | 0.1 (0.003- 0.28
end diastole (LVPW(d) (cm) 5.2)
Left ventricular posterior wall | 1.45(0.24) | 1.37 (0.28) | 1.41(0.26) 0.087
end systole (LVPWSs)(cm)
Left ventricular outflow tract 2.07 (0.16) | 2.05(0.17) | 2.06 (0.16) 0.64
(LVOT) (cm)
Aortic diameter (Ao) (cm) 3.14 (0.46) | 3.04 (0.49) 3.09 (0.47) 0.23
Left atrium (LA) (cm) 3.81(0.52) | 3.50(0.55) 3.68 (0.56) 0.0015 0.8 (0.3- 0.71
2.1)

Left ventricular ejection 74.44 (7.08) 73.64 74.10 0.53
fraction (LVEF) (%) (7.63) (7.30)
Left ventricular fractional 43.80 (6.32) 42.97 43.45 0.47
shortening (LV FS) (%) (6.48) (6.38)
Left ventricular mass index 83.72 75.20 80.12 0.051
(LVMI) (grams/m?) (27.27) (18.89) (24.38)
Ratio of Peak velocity flow in 28 (35.0%) @ 45(76.3%) | 73 (52.5%)  <0.0001 4.1 (1.7- 0.001
early diastole E (MV E Peak) 9.5)
(m/s) to Peak velocity flow in
late diastole by atrial
contraction A (MV A Peak)
(m/s) (E/A Ratio)>0.8
Deceleration time (DT) (m/s) 210.54 205.25 208.30 0.42

(38.69) (36.68) (37.81)
Pulmonary artery systolic 27.27 (6.47) 27.06 27.18 0.86
pressure (PASP) (mmHg) (6.61) (6.50)
Pulmonary vein systolic 57.22 58.48 57.76 0.54
velocity (PV-S) (cm/s) (11.50) (11.55) (11.49)
Pulmonary vein diastolic 47.07 49.02 47.90 0.45
velocity (PV-D) (cm/s) (15.45) (12.76) (14.34)
Pulmonary vein flow at atrial 92.41 92.42 92.41 1.00
contraction (PV-Ar) (ms) (16.63) (16.04) (16.32)
Mitral inflow duration at 118.45 113.63 116.40 0.13
atrial contraction (MV A (18.88) (16.75) (18.10)

duration) (ms)
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Left atrial function
Reservoir strain (gg) %

Conduit strain (g,) %

Booster strain (g,) %
Reservoir strain rate (SRs) (s

)

Conduit strain rate (SRe) (s?)

Booster strain rate (SRa) (s?)

SRe/SRa

29.9(7.8) 328(7.6) | 31.1(7.8) 0.036
11.3(4.0) 156(6.1) | 13.2(55) <0.0001
169 (5.6) 163 (3.9) | 16.6(5.0) 0.46

15(05) 16(05) 1.6(05) 0.060
-12(05) | -1.7(0.8)  -1.4(0.7) <0.0001
22(0.8)  -22(06) -22(0.7) 0.92

06(06)  08(04) 0.7(05) 0.14

1.0 (0.9-
1.1)

1.1 (1.002-
1.3)

0.6 (0.2-
1.6)

Table 2: Cardiac Functions by echocardiogram and left atrial function by CMR *Age, BMI, and
diabetes were adjusted.

0.90

0.045

SPCA identified 10 acyl-carnitine factors clustering in biologically related groupings (Table 3). Univariate

association between each of the 10 SPCA factors and risk of high VO2 is shown in Table 4. Factor 2, Factor

5, and Factor 8 showed significant negative association with high V02. However, after adjustment for

significant clinical covariates such as age, BMI and diabetes, only Factor 8 remained predictive for high

V02 (OR = 0.6, 95% CI: [0.4-0.9], P = 0.013).

Factors | Description Components Proportion of
variance
accounted

1 Medium and long- | C8, C8-DC, C12:1, C12, C12-OH/C10-DC, 0.11

chain carnitines C14:2, C14:1, C14, C16:3, C16:2, C16:1, C18:1

2 Short chain C3, C4, C5:1, C5, C4-0OH, C6, C50HC3DC, 0.063

dicarboxyl/hydroxyl | CADCC60H, C5DC, C810HC61DC,
carnitines C80OHC6DC, C103, C81DC, C8-DC

3 Medium and long C810HC61DC, C1220HC102DC, C1210H, 0.072

chain C1420H, C1410H, C1630HC143DC, C1620H
dicarboxyl/hydroxyl | C1830HC163DC, C1820HC162DC, C201,
carnitines C20, C2020HC182DC, C2010HC181DC,
C200HC18DC, C221
4 Long chain C16, C183, C182, C181, C18, C204, C203, 0.060
carnitines C202, C201, C2020HC182DC, C225, C224
C223
5 Medium and long C40H, C80OHC6DC, C8DC, C120HC10DC, 0.074
chain C1410H, C140HC12DC, C1620H,
dicarboxyl/hydroxyl | C1610HC141DC, C160H, C1810HC161DC,
carnitines C180HC16DC, C20, C2010HC181DC,
C200HC18DC

6 Wide spectrum C2, C3, C51, C5, C50HC3DC, C101, C7DC, 0.038

carnitines including | C121, C12, C14, C1420H, C163, C1620H,
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odd short chain
carnitines

C160H, C183, C182, C18, C1830HC163DC,
C1820HC162DC, C204, C203, C202, C201,
C2030HC183DC, C225, C223, C222, C22, Free
Carnitine, Total Carnitine

chain carnitines

C1420H, C163, C16, C181, C18,
C1820HC162DC, C204, C203, C201, C20,
C221, C22

7 Wide spectrum C2, C40H, Cs6, C81, C5DC, C810HC61DC, 0.045
carnitines including | C103, C101, C10, C81DC, C122, C143, C142,
ketone-derived C14, C1420H, C140HC12DC, C162, C161,
carnitine C16, C1620H, C1610HC141DC, C183, C182,

C1830HC163DC, C180HC16DC, C204, C202,
C2010HC181DC, C224, C222, C22

8 Wide spectrum C3, C51, C4DCC60H, C5DC, C810HC61DC, 0.022
carnitines including | CBOHC6DC, C7DC, C81DC, C8DC, C122,
odd short chain C121, C120HC10DC, C140HC12DC, C16,
carnitines C160H, C1830HC163DC, C180HC16DC,

C204, C201, C200HC18DC, C224, C223,
C222, C221, Free Carnitine, Total Carnitine

9 Wide spectrum C2, C51, C40H, C6, C50HC3DC, 0.023
carnitines including | C810HC61DC, C101, C81DC, C12,
ketone-derived C1220HC102DC, C1210H, C14, C1420H,
carnitine C140HC12DC, C162, C183, C182, C181,

C1830HC163DC, C1820HC162DC,
C1810HC161DC, C180HC16DC, C204, C203,
C2010HC181DC, C200HC18DC, C225, Free
Carnitine, Total Carnitine

10 Medium and long C10, C143, C142, C14, C1430HC123DC, 0.023

Table 3. Factors identified by sparse principal component analysis and the associated individual

components, description and variance.
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Univariate associations between amino acids and risk of high VO2 were significant for alanine,
glutamine/glutamate, glycine, and ornithine (Table 4). Multivariate analysis adjusting for significant
clinical covariates showed only alanine (OR = 0.1, 95% CI: [0.01-0.9], P = 0.044) and
glutamine/glutamate (OR = 0.1, 95% CI: [0.01-0.5], P = 0.007) were independent predictors for high

V02.

VO2 low | VO2 high Total OR (95% CI) p-value | *Adjusted | p-value
OR
Acylcarnitines
Factor 1 -0.1 (2.7) 0.1(2.7) 0(2.7) 1.0 (0.9-1.2) 0.69
Factor 2 03(222)| -04(18) 0 (2.0) 0.8 (0.7-1.0) 0.030 | 0.9(0.8-1.2) 0.55
Factor 3 -0.01 (2.1) | 0.02 (2.4) 0(2.2) 1.0 (0.9-1.2) 0.94
Factor 4 -0.04 (2.2) | 0.05(1.9) 0(2.1) 1.0 (0.9-1.2) 0.81
Factor 5 03(24)| -05(2.1) 0(2.3) 0.8 (0.7-1.0) 0.038 | 0.9(0.7-1.1) 0.21
Factor 6 0.2(15) | -0.2(L.7) 0(1.6) 0.9 (0.7-1.1) 0.22
Factor 7 -0.1(1.8) | 0.1(18) 0(1.8) 1.1 (0.9-1.3) 0.56
Factor 8 02(1.0)| -03(14) 0(1.2) 0.7 (0.5-1.0) 0.035 | 0.6 (0.4-0.9) 0.013
Factor 9 -0.1 (1.5) 0.2 (1.0 0(1.3) 1.2 (0.9-1.6) 0.25
Factor 10 0.05(1.4) | -0.1(1L.2) 0(1.3) 0.9 (0.7-1.2) 0.61
Amino acids
Ala 6.2 (0.3) 6.1 (0.2) 6.2 (0.2) 0.1 (0.03-0.7) 0.018 0.1 (0.01- 0.044
0.9)
Arg 4.7 (0.2) 4.8 (0.2) 4.7 (0.2) 2.1 (0.5-9.0) 0.34
Asp 3.1(0.3) 3.1(0.3) 3.1(0.3) 0.5 (0.2-1.8) 0.31
Cit 3.4 (0.4) 3.5(0.4) 3.5(0.4) 1.8 (0.8-4.1) 0.14
Glu 4.6 (0.2) 4.4 (0.2) 4.5(0.2) 0.03 (0.005-0.1) <0.0001 0.1 (0.01- | 0.0070
0.5)
Gly 5.4 (0.2) 5.5(0.2) 5.4 (0.2) 10.8 (1.8-62.9) 0.0080 5.8 (0.7- 0.099
46.5)
His 4.3(0.2) 4.3(0.2) 4.3(0.2) 1.8 (0.4-8.2) 0.46
lleLeu 5.0 (0.3 4.9 (0.3 5.0 (0.3 0.6 (0.2-2.1) 0.47
Met 3.2(0.4) 3.2(0.4) 3.2(0.4) 1.3 (0.5-3.3) 0.52
Orn 4.5(0.3) 4.4 (0.3) 4.4 (0.3) 0.3(0.1-1.0) 0.049 | 0.4 (0.1-1.8) 0.24
Phe 4.3(0.2) 4.3(0.2) 4.3(0.2) 0.4 (0.1-2.4) 0.32
Pro 5.5(0.2) 5.5(0.2) 5.5(0.2) 0.3(0.1-1.1) 0.069
Ser 4.8 (0.2) 4.8 (0.2 4.8 (0.2 1.0 (0.2-5.3) 0.96
Trp 3.9(0.2) 4.0 (0.3) 4.0 (0.3) 3.3(0.8-13.2) 0.098
Tyr 4.3(0.3) 4.2 (0.3) 4.2 (0.3) 0.4 (0.1-1.2) 0.085
Val 5.5(0.3) 5.4 (0.3) 5.5(0.3) 0.7 (0.2-2.5) 0.63

Table 4: Differences in metabolomic patterns *Age, BMI and diabetes were adjusted.
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Discussion

In this study, we found significant differences in a wide spectrum of acyl-carnitine species including
short-chain dicarboxyl-carnitines as well as long-chain acyl-carnitines. The long-chain acyl-carnitines
are derived from oxidation of fatty acid fuel. Elevations in long-chain acylcarnitines have been
previously associated with impaired mitochondrial fuel metabolism and obesity associated-insulin
resistance®. The negative association of long-chain acyl-carnitines with peak oxygen uptake fits with
the notion that decreased VO2 is linked to diminished mitochondrial oxidative capacity and risk for
metabolic disease. The study also demonstrated a negative association between short-chain dicarboxyl-

carnitines, VO2 and various measures of cardiac function.

Previous studies have linked accumulation of dicarboxyl-carnitines and increased risk of recurrent
cardiovascular events®™. We observed a negative association between glutamine/glutamate and alanine
with high VO2 in our study. Low alanine has previously been linked to higher levels of physical
activity®. Both alanine and glutamine/glutamate serve as anaplerotic substrates, which can directly feed
into the tricarboxylic acid (TCA) cycle. Lower levels of these amino acids may be indicative of higher
TCA cycle turnover and increased overall mitochondrial activity, which is associated with increased

exercise®,

The convergence of this metabolomics signature that is associated with exercise levels in older adults
may imply that older adults with higher physical activity levels have increased TCA cycle activity which
leads to increased inflow of carbon fuel into mitochondrial pathways. This results in reduced
accumulation of long-chain fatty acids due to higher fuel oxidation rates and reduced build-up of
anaplerotic substrates such as glutamine/glutamate and alanine due to higher anaplerorosis (Figure 1).
Therefore, our study provides potential mechanistic evidence as to how increasing peak oxygen uptake,
through physical activity for instance, reduces cardiovascular risk by reducing long-chain fatty acids,

glutamate/glutamine and alanine.
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Mitochondrial
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Figure 1: High peak oxygen uptake (VO2) may be associated with increased tricarboxylic acid cycle
activity (1). This leads to increased in-flow of carbon fuel into mitochondrial pathways (2). A
consequence of this could include reduced accumulation of long chain fatty acid co-enzyme A/carnitine
fuel as a result of higher fuel oxidation rates (3) and reduced build-up of (4a) glutamine/glutamate and
(4b) alanine due to higher anaplerorosis.

Implications of our findings

Low aerobic capacity is a strong predictor of cardiovascular disease (CVD) and all-cause mortality®*
while increases in aerobic capacity are associated with increased survival®’. Among aged populations,
poor aerobic capacity indicates closer proximity to future declines in cardiovascular and other health
indices® **. Physical activity is associated with many physiologic changes including increased aerobic
capacity and alterations in fuel metabolism. Animal and human model studies of heart and skeletal
muscle responses to physical activity point to changes in the patterns of fuel use and mitochondrial

oxidation as key components of a healthy adaptation.

Our results concur with these changes that include increased TCA cycle activity®® and better
coordination between fuel processing and TCA cycle activity® in the metabolome of older adults with

exercise. This contrasts with studies of ageing-related frailty which have observed accumulation of fatty
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acid fuel intermediates®, mismatch between fuel supply and TCA cycle, reduced TCA cycle activity®™

and greater reliance on non-oxidative glucose metabolism.

Fatty acid oxidation, electron transport and TCA cycle genes are all up regulated by physical activity.
These changes are distinct from the metabolic changes associated with heart failure which include
pathophysiologic remodelling, reduced fatty acid and mitochondrial fuel oxidation and increased
reliance on glucose®. The TCA cycle is known to be upregulated when there is a high demand for
ATP. Increased energy demand stimulates regulatory enzymes of the cycle such as isocitrate
dehydrogenase and alpha-ketoglutarate dehydrogenase. It has also been shown in recent studies that
there is a rise in the level of TCA cycle intermediates just after an acute bout of physical activity?.
Certain amino acids such as alanine and glutamine/glutamate can serve as metabolic fuels by feeding
into the TCA cycle. The process by which amino acids are fed into the TCA cycle is known as

‘anaplerosis’ (or ‘filling of mitochondria’).

The importance of matching of carbon fuel inflow and TCA cycle activity has been replicated in a study
that examined metabolic changes in the heart in response to heart failure or physical activity®™. In heart
failure there was an elevation of lactate and acylcarnitines with a reduction in TCA cycle intermediates.
In contrast, exercised hearts showed decreases in both acylcarnitines as well as TCA cycle
intermediates. The former result suggests accumulation of carbon fuel which is not able to be cleared
by a slowing TCA cycle. The latter suggests increased consumption of carbon fuel because of higher
TCA cycle activity. These findings highlight a role for increased activity of the TCA cycle brought
about by sustained aerobic training, thereby improving VO2 levels and linking TCA cycle activity to

cardiorespiratory fitness.

Another emerging concept is the importance of metabolic flexibility. Healthy hearts are able to switch
fuel use patterns in response to available supply and immediate energy demand®. Reduced metabolic

flexibility is associated with pathologic changes and this can be reversed with exercise interventions®.

124



125

Future work that involves dynamic testing of heart and whole-body fuel use may be an important
component of assessing cardiovascular health and response to exercise interventions. The use of

metabolomics to assess these responses may represent new frontiers in this field.

Finally, this study is limited by lack of data on the association between physical activity, metabolomics,
and skeletal muscle. Skeletal muscle health requires preserved mitochondrial function and energetics
while physical activity prevents ageing-related muscle atrophy®. Furthermore, older adults who are
frail or pre-frail benefit from physical activity which improves their cardiorespiratory fitness, muscle
strength, function, and quality of lifel®-1%, Studies that have investigated metabolism and physical
training have observed changes in genes that normalised towards a younger transcriptomic signature
with better mitochondrial function®. Therefore, future investigations into muscle metabolism would

be important for understanding age-related changes related to physical activity and metabolomics.

I am the principal investigator of the study. My contribution includes obtaining grant funding for this

work, setting up the study protocol, recruitment of research participants, obtaining ethical approval,

data analyses, and manuscript writing.
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Research Question #3:
Is there a better measure of cardiovascular health outcome,

compared to traditional markers such as body mass index?
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Obesity in Older Adults and Associations with Cardiovascular Structure and Function.

Obes Facts. 2022;15:336-3431%,

“Introduction: Body mass index (BMI), despite being widely used as a marker of obesity, fails to fully
capture cardiovascular risks as it is an insufficient biomarker of abdominal adiposity, unlike waist
circumference (WC). We aimed to characterise associations between BMI and WC with cardiovascular
structure and function in older adults. Methods: Among an observational cohort study of a community
of older adults, transthoracic echocardiography determined cardiovascular structure and function,
while aerobic capacity was determined by peak oxygen uptake (VO2) metrics. The cut-offs for obesity
were 27.5kg/m2 for BMI, and >90cm for males and >80cm for females for WC. Results: 970 older
adults without cardiovascular disease [mean age 734 years, 432 (44%) males], 124 (12.8%) were
obese by BMI definition while 347 (35.7%) were obese by WC definition. Inter-definitional agreement
was fair (Cohen’s k=0.345). Unlike BMI definition, participants defined as obese by WC were more
likely to be women (65% vs 50%, p<.001), older (6511 vs 63+14 years, p=.007), and had lower
handgrip strength (24+0.6 vs 26+0.4 kg, p=0.022). Across BMI categories, high WC was associated
with more impaired myocardial relaxation (E/A), and VO2 measurements (all p<0.05). Among those
with low BMI, high WC was associated with larger left atrial volumes (p=0.003). WC, but not BMI,
was independently associated with E/A ($=-0.114, SE -0.114 + 0.024, p<0.001) in regression analysis.
Conclusion: Waist circumference identified higher prevalence of obesity, possibly related to central
adiposity. Across BMI categories, waist circumference identified more adverse measurements in

myocardial relaxation, aerobic capacity and left atrial structure.”
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Abstract

Introduction: Body mass index (BMI), despite being widely
used as a marker of obesity, fails to fully capture cardiovas-
cularrisks as it is an insufficient biomarker of abdominal ad-
iposity, unlike waist circumference (WC). We aimed to char-
acterize associations between BMI and WC with cardiowvas-
cularstructure and function inolder adults. Methods: Among
an observational cohort study of a community of older
adults, transthoracic echocardiegraphy determined cardio-
vascular structure and functien, while aerobic capacity was
determined by peak oxygen uptake (VO;) metrics. The cut-
offs for obesity were 27.5 kg/m? for BMI, and >90 cm for
males and >80 cm for females for WC. Results: Of 970 older
adults without cardiovascular disease (mean age 73 + 4
years, 432 [44%] males), 124 (12.8%) were obese by BMI def-
inition while 347 (35.7%) were obese by WC definition. Inter-
definitional agreement was fair (Cohen's k = 0.345). Unlike
the BMI definition, participants defined as obese by WC were
maore likely to be women (65% vs. 50%, p < 0.001), older (65
+ 11 vs. 63 % 14 years, p = 0.007), and had lower handgrip

strength (24 £ 0.6 vs. 26 £ 0.4 kg, p =0.022). Across BMI cat-
egories, high WC was associated with more impaired myo-
cardial relaxation (E/A), and VO'; measurements (all p < 0.05).
Among those with low BMI, high WC was associated with
larger left atrial (LA) volumes (p = 0.003). WC, but not BMI,
was independently associated with E/A (B = —0.114, 5E
—0.114 +0.024, p < 0.001) in regression analysis. Conclusion:
WC identified a higher prevalence of obesity, possibly relat-
ed to central adiposity. Across BMI categories, WC identified
meore adverse measurementsin E/A, aerobic capacity, and LA
structure. Trial Registration: ClinicalTrials.gov |dentifier:

MCTO2791139. € 2022 The Authar(z).
Published by 5. Karger AG, Basel

Introduction

Obesity and ageing are major health challenges of the
21st century. Obesity increases the risk of death from any
cause and from cardiovascular disease in adults, while age
is a well-established cardiovascular risk factor. Although
the body of evidence indicates that obese older subjects
are prone to cardiovascular morbidity [1. 2], younger
adults have higher relative risks associated with obesity
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than older adults, based on body weight definitions of
obesity [3]. This may lead to reduced emphasis on obe-
sity asa risk factor among older adults [4]. However, body
weight among older adults reflects a combination of over-
all health status and processes of aging-induced weight
loss, such as sarcopenia [5]. This may explain lower rela-
tive risks associated with body mass index (BMI) defini-
tion of obesity among older adults, compared to younger
adults. Therefore, the assessment of obesity based on BMI
in older adults may inadequately identify older adults at
risk of obesity-related cardiovascular disease.

Given the cardiometabolic effects of obesity on cardio-
vascular risks, waist circumference (WC) on the other
hand, may enhance assessments of obesity among older
adults. As a marker of central adiposity, measurement of
WC is not influenced by limb sarcopenia, which is rele-
vant among older adults with age-related sarcopenia. In
addition, older adults with obesity have been recognized
as a distinct metabolic phenotype (compared to older
adults without obesity) that is associated with higher risks
of cardiovascular disease [6]. Hypothetically, WC may
have added value in identifying older adults with more
adverse phenotypic alterations in cardiovascular struc-
ture and function, compared to BML Accordingly, we
aimed to compare the relative prevalence and factors as-
sociated with obesity defined by WC vis-a-vis BMI, and
to characterize their associations with cardiovascular
structure and function in older adults without cardiovas-
cular disease.

Methods

Study Population

The subjects were recruited from the Cardiac Ageing Study
(CAS) [7]. a prospective study initiated in 2014 that examines
characteristics and determinants of cardiovascular function in el-
derly adults. CAS participants were recruited from the prospective,
population-based cohort, the Singapore Chinese Health Study [B]
and directly from the local community. The current study sample
consisted of men and women who participated in the baseline CAS
2014-2017 examination who had no self-reported history of phy-
sician-diagnosed cardiovascular disease (such as coronary heart
disease, atrial fibrillation), stroke, or cancer. Written informed
consent was obtained from participants upon enrolment. The
SingHealth  Centralised  Institutional  Review — Board
(CIRC/2014/628/C) had approved the study protocol.

Data Acquisition

All participants were examined and interviewed on one study
visit by trained study coordinators. Participants completed a stan-
dardized questionnaire that included medical history and coro-
nary risk factors. Hypertension was defined by current use of an-
tihypertensive drugs or physician-diagnosed hypertension. Diabe-

Obesity in Older Adults with
Cardiovascular Ageing

Table 1. Prevalenca of ohasity based on BMI versus WC

Definition Subjects, n (%)
nonobese obese
BMI, =275 kg/m? 846 (87.2) 124 (12.8)
WC
=30 cm in malas 623 (64.3) 347 (35.7)

=80 cm in females

tes mellitus was defined by the current use of antidiabetic agents
or physician-diagnosed diabetes mellitus. Dyslipidemia was de-
fined by the current use of lipid-lowering agents or physician-di-
agnosed dyslipidemia. Smoking history was defined as ever smok-
ers (former or current smokers) or never smokers. BMI was calcu-
lated as weight in kilograms divided by the square of height in
meters. Sinus rhythm status was ascertained by resting electrocar-
diogram. Clinical data were obtained on the same day as assess-
ment of echocardiography and serum collection. WC was obtained
2.5 cm above the umbilicus, an anatomical landmark associated
with abdominal fat mass measured by dual-energy X-ray absorp-
tiometry [9].

We compared two definitions of obesity, namely: (1) BMI cut-
off of 27.5 kg/m* as recommended by the World Health Organiza-
tion for Asian populations [10] and (2) WC cut-offs of =80 cm for
males and >80 cm for females, as recommended by the Interna-
tional Diabetes Federation Consensus Worldwide Definition of
the Metabolic Syndrome [11]. Handgrip strength was measured
from each participant using the Takei hand grip dynamometer
(Model TEKS401 Grip IM) and following standard protocols. Par-
ticipants were instructed to stand upright with their arms let down
naturally. The handgrip dynamometer was held with the indicator
facing outwards, and the grip width was adjusted so that the second
joint of the pointing finger made a right angle at the dynamometer.
Participants were then instructed to cdasp the grip with full force.
Measurements obtained were recorded to the nearest 0.1 kg. Two
trials were performed for each hand, starting with the right hand.
Omly the highest value obtained from each hand was used. Overall
handgrip strength was calculated as the mean of the maximum left-
hand and right-hand grip strength measurements.

Echocardiography was performed using ALOKA al0 witha 3.5-
MHz probe. In each subject, standard echocardiography, which in-
cluded 2-I, M-mode, pulse Doppler and tissue Doppler imaging,
was performed in the standard parasternal and apical (apical
4-chamber, apical 2-chamber, and apical long) views, and three car-
diac cycles were recorded. Left ventricular gjection fraction, left atri-
al (LA) volume, and LA volume index (LAVI) were measured. The
trans-mitral flow E and A waves with the sample volume position at
the tip of the mitral valve leaflets from the apical 4-chamber view
were recorded by Doppler echocardiography. Myocardial relaxation
(E/A) ratio was computed as a ratio of peak velocity flow in early
diastole E (MV E) (m/s) to peak velocity flow in late diastole by
atrial contraction A (MV A) (m/s). Pulsed wave tissue Doppler im-
aging was performed with the sample volume at the septal and lat-
eril annulus from the apical 4-chamber view. The frame rate was
between 80 and 100 frames per second. The tissue velocity patterns
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Table 2. Baseline characteristics based on different definitions of obesity

Variable BMI =275 kg/m? WC =90 cm in males, >80 cm in females
nonobese obase pvalue nonobase obase pvalue
{n =846} (n=124) (n =624) in=347)
Demographics
Age, years 636130 §2.6+123 0.404 627+13.7 65.0+11.2 0.007
Male, m (%) 374 (44.2) 58 (46.8) 0.591 312 (50000 120 (34.6) <0.001
Comorbidities, n (35)
Ever smoked 100 (12.2) 16 (15.5) 0521 78(143) 330120 0352
Hypertension 280 (33.1) 67 (54.0) <0.001 196 (31.4) 151 (43.5) <0.001
Dyslipidemia 312 (36.9) 57 (46.0) 0.052 212(34.0) 158 (45.5) <0.001
Diabatas mellitus 111 (12.1) 36 (29.0) <0.001 78(125) 70(20.2) 0,00
Blood pressure and pulse
Systolic blood pressure, mm Ha 137424 140+17 0114 135424 140421 0.002
Diastolic blood pressure, mm Hg 74£12 FEX13 <0.001 7411 7613 0,004
Pulse, beats per minute 71212 73212 0.207 7212 7112 0.229
Physical function: handgrip strength, kg 25+0.4 261 0.263 26+0.4 24406 0.0218
VO, mL/kg/min 3602 32006 <0.0001 38402 31103 00001

were recorded and expressed as E', and A’ All measurements were
measured by the same operator and the measurements were aver-
aged over three cardiac cycles and adjusted by the RR interval. The
specific cardiovascular function of interest in this cohort of older
adults was E/A properties, for which impairments in E/A, would
sugpest myocardial ageing [12]. EfA was defined by ratio of peak
velocity flow in MV E to peak velocity flow in late diastole by MV
A, also referred to as the E/A ratio. MV E refers to the peak velocity
of blood fow during early diastole from the left atrium into the left
ventricle, where blood flows passively into the left ventricle during
relaxation. MV A refers to the peak velocity of blood flow into the
left ventricle in late diastole due to contraction of the left atrium. The
echocardiography readers were blinded to the obesity status of the
participants. We used a validated non-exercise prediction model
comprising of physical activity questionnaire to estimate peak oxy-
gen uptake (ViO,) milliliter kilogram/minute (mL/kg/min) [13, 14].
also previously used in this cohort [15].

Statistics

Clinical characteristics are presented as means and standard
deviations for continuous data and frequency and percentage for
categorical data. We determined agreement between BMI and WC
definitions using Cohen's kappa. We compared demographics,
clinical characteristics. and echocardicgraphic characteristics be-
tween nonobese and obese subjects based on either BMI or WC
definitions. The Student’s f test was used for continuous data and
the ¥* test was used for categorical data. Multiple linear regression
analysis was subsequently performed to ascertain the relationship
of cardiovascular structure and function to BMI and WC defini-
tions, respectively. Variability of cardiovascular structure and
function across BMI group and WC group were displayed in the
error bar charts with standard error.
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All statistical analyses were performed using STATA 15 {Col-
lege Station, TX, USA). For all analyses, a two-tailed p value of
<0.05 was considered statistically significant.

Results

Obesity Definitions

Among 970 participants, 124 (12.8%) were defined as
obese by the BMI definition, while 347 (35.7%) were de-
fined as obese by the WC definition (Table 1). Inter-def-
initional agreement was fair between BMI and WC (Co-
hen’s k = (.345).

Based on both definitions of BMI and WC, hyperten-
sion (54% vs. 33%; p < 0.001 and 44% vs. 31%; p < 0.001)
and diabetes mellitus (29% vs. 13%; p < 0.001 and 20% vs.
13%; p=0.001) were more prevalent among those defined
as obese (Table 2). However, WC identified more women
(65% vs. 50%; p < 0.001), older participants (65 + 11 vs. 63
+ 14 years; p = 0.007) and dyslipidemic (46% vs. 34%; p <
0.001) participants as obese. Systolic blood pressure was
also significantly higher (140 + 21 vs. 135 + 24 mm Hg; p
= 0.002) in obese versus nonobese participants defined by
WC. Based on BMI, gender, age, dyslipidemia, and sys-
tolic blood pressure were not significantly different be-
tween obese and nonobese participants (Table 2). Partici-
pants defined as obese by WC definition had lower hand
grip strength (24.2 vs. 25.9, p = 0.022) compared to non-
obese. On the other hand, participants defined as obese by
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Table 3. Key echocardiographic characteristics

Nenobese Obese pvalue
mean 50  95% conf. mean+50  95% conf.
interval interval
BMI definition
Left atrial diameter, cm 350£0.55 346-353 3.9440.53 384404 <0.001
LawvI {mL‘m?) 20.5£7.43 2000-21. 22.3+7.90 20.8-238 0.020
LVEF (35) 7216+£83 720-73.1 71.149.7 69.3-72.8 0.074
Pieak velocity flow in MV E peak (m.s) 074017 0.73-075 0734018 0.70-0.76 0.591
Peak velocity flow in late diastole by MV A peak (m/s) 0.72+0.21 0.71-073 0.78+0.19 0.75-0.82 0.003
Ratio MV E peak: MV A peak 1.13+0.46 1.09-1.16 0.98+0.35 091-1.04 <0.001
WC definition
Left atrial diameter, cm 3462054 3.42-350 3.73+0.58 366-3.79 <0.001
LAV {mL/m2) 20.0+6.9 19.5-20.6 22,183 21.1-23.0 <0.001
LVEF (%) 714+8.4 TLI-T3.0 723187 71.4-733 0.935
Peak velocity flow in MV E peak (m/s) 0.74£0.17 0.73-0.76 073017 0.71-0.75 0.279
Peak velocity flow in late diastole by MV A peak im/s) 0.70+0.21 0.68-0.72 0774019 0.75-0.79 <0.001
Ratiz MV E paak:- MV A peak (EFA) 1.17+0.4% 1.13-1.21 1004037 0.96-1.04 <0.001
LVEF, left ventricular gjection fraction; SD, standard deviation.
Table 4. Multivariate regression model for E/A ratio
Variables Obesity based on BMI Obesity based on WC
adjustad 7 standard std. Error pvalua adjusted B?  standard std. Error o valua
coefficient () coefficdent (B)
Hypertension 0.139 -0.288 -0.283+0.031  <0.001 0.455 -0.036 —-0.036+0.028 0.198
Diabetes mellitus -0.156 —0.156+00042  <00001 —0.032 —0.032£0.034 0035
BMI, kg/m? -0.059 -0.059+0.043 0.168
WC, cm —0.114 —0. 0140024 <0.001
Dyslipidemia -0.032 —-0.032+0.027 0.230
Age, years —0.021 —0.021£0.0001  <0.001
Female 0037 0.037+0.023 0.107

BMI definition had similar hand grip strength (26.4 vs.
25.2, p = 0.26) compared to nonobese. Participants de-
fined as obese by either WC or BMI definitions, had low-
er VO,, compared to nonobese participants (Table 2).

Cardiovascular Structure and Function Based on

Obesity Definitions

In general, participants who were defined by both BMI
and WC as obese had larger left ventricular dimensions
(online suppl. Table A; for all online suppl. material, see
www.karger.com/doi/10.1159/000521729). Participants
who were defined by BMI as obese had significantly low-
er EfA ratio compared to those who were not obese (1.13
+ 0.46 vs. 0.98 + 0.35; p < 0.001). Similarly, participants
who were defined by WC as obese had significantly lower

Obesity in Older Adults with
Cardiovascular Ageing

E/A ratio compared to those who were not obese (1.17 +
0.49 vs. 1.00 + 0.37; p < 0.001) (Table 3). Left atrial size
was also significantly larger in obese individuals in both
the BMI group (3.94 + 0.53 vs. 3.50 + 0.55; p < 0.001) and
WC group (3.73 £ 0.58 vs. 3.46 £ 0.54; p < 0.001). The
LAVT was also found to be significantly higher in obese
individuals in both the BMI (22.3 £ 7.90 vs. 20.5 + 7.43; p
= 0.020) and WC (22.1 + &3 vs. 20.0 + 6.9; p < 0.001)
groups. Left ventricular ejection fraction percentage was
over 70% and not significantly different in both obese and
nonobese for both BMI (72.6 + B3 vs. 71.1 £ 9.7; p =
0.074) and WC (72.4 + 8.4 vs. 72.3 + 8.7; p = 0.935) (Ta-
ble 3) (online suppl. Table A).

However, across high or low BMI categories, high WC
was associated with more adverse mean E/A and VO,
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Fig. 1. Cardiovascular function and structure by BMI and WC. a
EfA ratio (mean and standard error) by BMI and WC: across BMI
categories, mean EfA was lower among those with high WC. *blue
(mean E/A 1.17) versus red (mean EfA 1.01) (low BMI); pr = 0.0001;
*blue (mean E/A 1.19) versus red (mean EfA 0.95) (high BMI); p
= 0.019. b Vi, (mean and standard error) by BMI and WC. Mean
VO, was lower among those with high WC *blue (mean VO, 37.7)

measurements (Fig. la, b). Among those low BMI, high
WC was associated with more adverse mean LAVI
(Fig. lc).

Multiple linear regression analysis was performed in
BMI and WC groups to assess association of the EfA ratio
with obesity status after adjustment for significant covari-
ates (Table 4). Adjusted R* value was 13.9% and 45.5% for
BMI and WC groups, respectively. When adjusted for hy-
pertension and diabetes mellitus, BMI was not associated
with cardiovascular function. In contrast, WC was associ-
ated with EfA (p =-0.114, SE -0.114 + 0.024, p < 0.001},
independent of age and diabetes mellitus. With each 1 cm
increase in WC, E/A ratio declined by 0.114.
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versus red (mean VO, 31.7) (low BMI p < 0.0001; *blue (mean
VO, 39.7) versus red (mean VO, 30.6) (high BMI); p < 0.0001. €
LAVI(mean and standard error) by BMI and WC. Mean LAV was
larger among those with high WC despite low BMI. *blue (mean
LAVI 20.0) versus red (mean LAV 21.8) (low BMI); p = 0.003;
*blue (mean LAVI 19.4) versus red (mean LAV 22.6) (high BMI);
p=0.18.

Discussion

Based on a cohort of older adults, the prevalence of
obesity varied depending on the definition used. The
prevalence of obesity was higher at 35.7% based on WC,
and only 12.8% based on BML Although both definitions
identified more adverse alterations in cardiovascular
structure and function, only WC was independently as-
sociated with impaired E/A. Importantly, even within
nonobese BMI category, high WC was associated with
impairments in E/A, aerobic capacity, and LA structure.

Comparing between definitions of BMI versus WC,
WC identified the presence of obesity in adults who were
older in age, whereas BMI did not differentiate between
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adults with older age. Although both definitions are in-
trinsically different and are not interchangeable, these
prevalence rates highlight the importance of using appro-
priate definitions of obesity, particularly among older
adults with aged biclogy.

The limited ability of BMI to identify obesity among
older adults have been previously appreciated [16]. Atex-
tremes of age and weight, BMI has limited utility [17, 18].
Apart from age, older adults have fluctuating body
weights, related to ageing or accumulation of systemic ill-
nesses [19, 20]. We observed that those defined as obese
by WC had lower hand grip strength, a possible reflection
of concomitant muscle sarcopenia. Our findings concur
with studies that have found associations between ab-
dominal adiposity and poorer physical outcomes in sar-
copenic adults [21]. This adds to the body of evidence that
shows inverse associations between muscle strength and
adiposity-related obesity markers, particularly among
older adults [22-24].

Our findings are novel because they depict distinct as-
sociations between WC and cardiovascular structure and
function among older adults. WC was linearly associated
with impairments in myocardial function, namely EfA. a
common early manifestation of myocardial ageing. Left
atrial size was larger among the obese as defined by both
BMI and WC definitions, a well-recognized risk factor for
atrial fibrillation development [25, 26]. While cardiomet-
abolic complications of central adiposity are well estab-
lished in current literature [27-29], our data provide a
clue as to how obesity contributes to cardiovascular dys-
functions that may herald the onset and lead towards car-
diovascular disease development.

The obesity-related risks of cardiovascular disease are
well established [2, 30]. While our cross-sectional study
precludes causal inferences, the alterations in EfA and
LA structure, point to specific key alterations in the car-
diovascular system that are commonly involved in obe-
sity-related heart failure and ageing, such as heart failure
with preserved ejection fraction or atrial fibrillation
among older adults. Importantly, we observed adverse
alterations in EfA, LA structure, and aerobic capacity,
among those with nonobese BMI but defined as obese by
WC. Our observations are supported by recent studies
that also reported metabolic abnormalities among indi-
viduals deemed to have normal BMI [18]. In a small
study, women with normal BMI and high body fat per-
centage had lower resting metabolic rate and oxygen
consumption, when compared to women with normal
BMI and no excess in body fat percentage [31]. Ina clin-
ical study of heart failure patients, lean-fat patients with

Obesity in Older Adults with
Cardiovascular Ageing

high waist to hip ratio and low BMI, had the worst out-
comes at |-year for heart failure hospitalization or mor-
tality [32]. These observations should prompt intense ef-
forts to address the early subclinical risks of atrial or ven-
tricular dysfunction in older adults defined as obese by
WC but lean by BML

From a clinical perspective, these results serve to em-
phasize the use of WC in addition to BMI, as a routine
practice, particularly among older adults as well as among
those defined as nonobese by BMI definition [23]. This
may imply greater search or attention for cardiovascular
dysfunction among those with high WC, in appropriate
healthcare settings. In addition, therapeutic strategies
against obesity may use these cardiovascular structural
and functional features as targets useful for monitoring
response to therapies, to reduce burdens of central obesi-
ty-related cardiovascular disease [33-35].

We acknowledge limitations in our study. In the absence
of body fat measurements, the use of WC may only repre-
sent an incomplete measure of body fat composition. How-
ever, WC is not interchangeable with body fat [5]. Further-
more, for purposes of cardiovascular risk assessment, WC
isan accepted marker of central adiposity [36]. Our findings
are based on Asian older adults, utilizing obesity cut-offs
based on prior Asian data. Hence our findings may not be
extrapolated to cohorts of non-Asian descent. Importantly,
we recognize that BMI may not be an accurate measure of
obesity for Asians. The Asian phenotype of obesity com-
prises of higher proportions of visceral fat in the central
abdominal regions (“central obesity™) compared to West-
ern populations [37-40]. Similar studies from other cohorts
would be necessary to confirm our observations and im-
prove generalizability. The observational study design does
not imply causality between markers of obesity and cardio-
vascular function. Adaptive versus pathogenic responses
cannot be differentiated based on this clinical study design.
We did not correct for details such as medication data hence
effects arising from medication treatment are unknown.
Thisis a low-risk community cohort, hence marginal values
in some of the observed measurements may reflect under-
estimation rather than overestimation of clinical signifi-
cance. Even so, the large study sample provided reasonable
sample power.

Conclusion
The prevalence of obesity varied depending on the def-

inition used. WC identified higher prevalence of obesity,
possibly related to central adiposity. Across BMI catego-
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ries, WC identified more adverse measurements in E/A,
aerobic capacity, and LA structure. WC may better char-
acterize the impact of obesity on cardiovascular ageing.
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Commentary:
1. Body mass index is an imperfect metric of cardiovascular health measurement for older

adults

We undertook this work because the traditional anthropometric metric of cardiovascular health, body
mass index (BMI) is imperfect for older adults. The limited ability of BMI to identify obesity among

older adults have been previously appreciated'®

. At extremes of age and weight, BMI has limited
utility'®” 1%, Apart from age, older adults have fluctuating body weights, related to ageing or

accumulation of systemic illnesses'® 19,

Furthermore, numerous physiological changes in muscle, fat and bone occurs during ageing. A key
geriatric syndrome that occurs with ageing is sarcopenia, which is the progressive and generalised loss

of muscle mass and function with advancing age'**

. With progressive ageing, skeletal muscle fibre size
and number decreases linearly at a rate of 3-5% per decade, accelerating up to 30-40% after the fifth
decade of lifel'2. Sarcopenia leads to poor muscle strength, aerobic capacity, and adverse outcomes such

as falls, disability, reductions in quality of life, and higher mortality*® 4,

Therefore, body weight among older adults reflects a combination of overall health status and processes
of ageing-induced weight loss, such as sarcopenia. This may inadvertently be reflected as lower relative
risks associated with body mass index definition of obesity among older adults, compared to the effect
of BMI on younger adults*> ¢, The assessment of obesity based on BMI in older adults may
inadequately identify older adults at risk of obesity-related cardiovascular disease. Given the
cardiometabolic effects of obesity on cardiovascular risks, waist circumference (WC) on the other hand,
may enhance assessments of obesity among older adults. As a marker of central adiposity, measurement
of WC is not influenced by limb sarcopenia, which is relevant among older adults with age-related
sarcopenia. In addition, older adults with obesity have been recognised as a distinct metabolic

phenotype (compared to older adults without obesity) that is associated with higher risks of
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cardiovascular disease'’. Hypothetically, WC may have added value in identifying older adults with

more adverse phenotypic alterations in cardiovascular structure and function, compared to BMI.

In this study, we compared how WC differed from BMI in characterizing cardiovascular structure and
function in older adults without cardiovascular disease. Subjects were prospectively recruited from the
local community and consisted of men and women who had no self-reported history of physician-
diagnosed cardiovascular disease (such as coronary heart disease, atrial fibrillation), stroke, or cancer.
All participants were examined and interviewed on one study visit by trained study coordinators.
Participants completed a standardised questionnaire that included medical history and coronary risk
factors. Hypertension was defined by current use of antihypertensive drugs or physician-diagnosed
hypertension. Diabetes mellitus was defined by the current use of antidiabetic agents or physician-
diagnosed diabetes mellitus. Dyslipidaemia was defined by the current use of lipid-lowering agents or
physician-diagnosed dyslipidaemia. Smoking history was defined as ever smokers (former or current
smokers) or never smokers. BMI was calculated as weight in kilograms divided by the square of height

in meters. Sinus rhythm status was ascertained by resting electrocardiogram.

Clinical data were obtained on the same day as assessment of echocardiography. WC was obtained 2.5
cm above the umbilicus, an anatomical landmark associated with abdominal fat mass measured by dual-

energy X-ray absorptiometry*'®

. We compared two definitions of obesity, namely: (a) BMI cutoff of
27.5 kg/m? as recommended by the World Health Organization for Asian populations'!® and (b) WC
cut-offs of >90 cm for males and >80 c¢cm for females, as recommended by the International Diabetes
Federation Consensus Worldwide Definition of the Metabolic Syndrome'?°. Handgrip strength was
measured from each participant using the Takei hand grip dynamometer (Model TKK5401 Grip D) and
following standard protocols. Participants were instructed to stand upright with their arms let down
naturally. The handgrip dynamometer was held with the indicator facing outwards, and the grip width
was adjusted so that the second joint of the pointing finger made a right angle at the dynamometer.
Participants were then instructed to clasp the grip with full force. Measurements obtained were recorded

to the nearest 0.1 kg. Two trials were performed for each hand, starting with the right hand. Only the
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highest value obtained from each hand was used. Overall handgrip strength was calculated as the mean

of the maximum lefthand and right-hand grip strength measurements.

Echocardiography was performed using ALOKA «10 with a 3.5- MHz probe. In each subject, standard
echocardiography, which included 2-D, M-mode, pulse Doppler and tissue Doppler imaging, was
performed in the standard parasternal and apical (apical 4-chamber, apical 2-chamber, and apical long)
views, and three cardiac cycles were recorded. Left ventricular ejection fraction, left atrial (LA) volume,
and LA volume index (LAVI) were measured. The trans-mitral flow E and A waves with the sample
volume position at the tip of the mitral valve leaflets from the apical 4-chamber view were recorded by
Doppler echocardiography. Myocardial relaxation (E/A) ratio was computed as a ratio of peak velocity
flow in early diastole E (MV E) (m/s) to peak velocity flow in late diastole by atrial contraction A (MV
A) (m/s). Pulsed wave tissue Doppler imaging was performed with the sample volume at the septal and
lateral annulus from the apical 4-chamber view. The frame rate was between 80 and 100 frames per
second. The tissue velocity patterns were recorded and expressed as E’, and A’. All measurements were
measured by the same operator and the measurements were averaged over three cardiac cycles and
adjusted by the RR interval. The specific cardiovascular function of interest in this cohort of older adults
was E/A properties, for which impairments in E/A, would suggest adverse myocardial ageing*?!. E/A
was defined by ratio of peak velocity flow in MV E to peak velocity flow in late diastole by MV A, also
referred to as the E/A ratio. MV E refers to the peak velocity of blood flow during early diastole from
the left atrium into the left ventricle, where blood flows passively into the left ventricle during
relaxation. MV A refers to the peak velocity of blood flow into the left ventricle in late diastole due to
contraction of the left atrium. The echocardiography readers were blinded to the obesity status of the

participants.

We used a validated non-exercise prediction model comprising of physical activity questionnaire to

estimate peak oxygen uptake (VO2) millilitre/kilogram/minute (mL/kg/min)®, also previously used in

this cohort®.
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Clinical characteristics are presented as means and standard deviations for continuous data and
frequency and percentage for categorical data. We determined agreement between BMI and WC
definitions using Cohen’s kappa. We compared demographics, clinical characteristics, and
echocardiographic characteristics between non-obese and obese subjects based on either BMI or WC
definitions. The student’s t test was used for continuous data and the y2 test was used for categorical
data. Multiple linear regression analysis was subsequently performed to ascertain the relationship of
cardiovascular structure and function to BMI and WC definitions, respectively. Variability of
cardiovascular structure and function across BMI group and WC group were displayed in the error bar
charts with standard error. All statistical analyses were performed using STATA 15 (College Station,

TX, USA). For all analyses, a two-tailed p value of <0.05 was considered statistically significant.

Among 970 participants, 124 (12.8%) were defined as obese by the BMI definition, while 347 (35.7%)
were defined as obese by the WC definition (Table 1). Inter-definitional agreement was fair between

BMI and WC (Cohen’s k = 0.345).

Definition Number of subjects, n (%)
Non-obese Obese

Body Mass Index 846 (87.2%) 124 (12.8%)

>27.5kg/m?

Waist circumference 623 (64.3%) 347 (35.7%)

>90cm in males
>80cm in females

Table 1: Prevalence of Obesity based on Body mass index versus Waist circumference

Based on both definitions of BMI and WC, hypertension (54% vs. 33%; p < 0.001 and 44% vs. 31%; p
< 0.001) and diabetes mellitus (29% vs. 13%; p < 0.001 and 20% vs. 13%; p = 0.001) were more
prevalent among those defined as obese (Table 2). However, WC identified more women (65% vs.
50%; p < 0.001), older participants (65 + 11 vs. 63 * 14 years; p = 0.007) and dyslipidaemia (46% vs.
34%; p < 0.001) participants as obese. Systolic blood pressure was also significantly higher (140 + 21

vs. 135 £ 24 mm Hg; p = 0.002) in obese versus nonobese participants defined by WC. Based on BMI,
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gender, age, dyslipidaemia, and systolic blood pressure were not significantly different between obese

and nonobese participants. Participants defined as obese by WC definition had lower hand grip strength

(24.2 vs. 25.9, p = 0.022) compared to nonobese. On the other hand, participants defined as obese by

BMI definition had similar hand grip strength (26.4 vs 25.2, p=0.26) compared to non-obese.

Participants defined as obese by either WC or BMI definitions, had lower peak oxygen uptake,

compared to non-obese participants. (Table 2).

Variable

Body mass index >27.5 kg/m?

Waist circumference >90cm in males,
>80cm in females

Non-obese _ ) Non-obese (n= Obese i
(n=846) Obese (n=124)  p-value 624) (n=347) p-value
Demographics
Age, years 63.6 £ 13.0 62.6 £12.3 0.404 62.7 £13.7 65.0+11.2 0.007
374 58 312 120
0,
Male, n (%) (44.2%) (46.8%) 0.591 (50.0%) (34.6%) <0.001
Co-morbidities
n (%)
100 16 78 38
Ever smoked (13.2%) (15.5%) 0.521 (14.3%) (12.1%) 0.352
. 280 67 196 0
Hypertension (33.1%) (54.0%) <0.001 (31.4%) 151 (43.5%) <0.001
312 57 212 0
Dyslipidaemia (36.9%) (46.0%) 0.052 (34.0%) 158 (45.5%)  <0.001
Diabetes 111 36 78 70
mellitus (13.1%) (29.0%) <0.001 (12.5%) (20.2%) 0.001
Blood pressure
and pulse
Systolic
blood pressure, 137+ 24 140 + 17 0.114 135+ 24 140 + 21 0.002
mmHg
Diastolic
blood pressure, 74 +12 78 +13 <0.001 74 +11 76 +13 0.004
mmHg
Pulse, beats 71412 73412 0.207 72412 71412 0.229
per minute
Physical
function: 25+ 0.4 26+ 1 0.263 26+0.4 24+0.6 0.0218
Handgrip
strength, kg
Peak oxygen
uptake, 36+0.2 32+0.6 <0.0001 38+0.2 31+0.3 <0.0001

ml/kg/min (V0,)

Table 2: Baseline characteristics based on different definitions of obesity
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Cardiovascular structure and function based on obesity definitions

In general, participants who were defined by both BMI and WC as obese had larger left ventricular
dimensions. Participants who were defined by BMI as obese had significantly lower E/A ratio
compared to those who were not obese (1.13 + 0.46 vs 0.98 + 0.35; P<0.001). Similarly, participants
who were defined by WC as obese had significantly lower E/A ratio compared to those who were not
obese (1.17 £ 0.49 vs 1.00 + 0.37; P<0.001). (Table 3). Left atrial size was also significantly larger in
obese individuals in both the BMI group (3.94 + 0.53 vs 3.50 = 0.55; P<0.001) and WC group (3.73 £
0.58 vs 3.46 £ 0.54; P<0.001). The left atrial volume index (LAVI) was also found to be significantly
higher in obese individuals in both the BMI (22.3 = 7.90 vs 20.5 + 7.43; P=0.020) and WC (22.1 + 8.3
vs 20.0 £ 6.9; P<0.001) groups. Left ventricular ejection fraction percentage was over 70% and not
significantly different in both obese and non-obese for both BMI (72.6 £ 8.3 vs 71.1 + 9.7; P=0.074)

and WC (72.4 £ 8.4 vs 72.3 + 8.7; P=0.935) (Table 3).

Body mass index definition

Non-obese Obese
[0) [0)
Mean + SD 95% conf. Mean + SD 5% conf. p-value
interval interval
Left atrial diameter,cm  3.50 £ 0.55 3.46-3.53 3.94 +0.53 3.84-4.04 <0.001
Left atrial volume 205+743 200211 223+7.90  208-238 0.020

index (ml/m?)
Left ventricular
ejection fraction 72.6 +8.3 72.0-73.1 71.1+9.7 69.3-72.8 0.074
(LVEF) (%)

Peak velocity flow in

early diastole E(MVE  0.74+0.17 0.73-0.75 0.73+0.18 0.70-0.76 0.591
peak), m/s

Peak velocity flow in
late diastole by atrial
contraction A (MV A
peak), m/s

Ratio MV E peak: MV
A peak

0.72+0.21 0.71-0.73 0.78 £0.19 0.75-0.82 0.003

1.13+0.46 1.09-1.16 0.98 £0.35 0.91-1.04 <0.001

Waist circumference definition

Non-obese Obese
0 (0]
Mean £ SD 9.5 % conf. Mean £ SD 9.5 ¥ conf. p-value
interval interval
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Left atrial diameter,cm  3.46 £ 0.54 3.42-3.50 3.73+£0.58 3.66-3.79 <0.001

Left atrial volume
index (ml/m?)
Left ventricular
ejection fraction 72.4+8.4 71.7-73.0 72.3+8.7 71.4-73.3 0.935
(LVEF) (%)

Peak velocity flow in

early diastole E(MVE 0.74+0.17 0.73-0.76 0.73+£0.17 0.71-0.75 0.279
peak), m/s

Peak velocity flow in
late diastole by atrial

20.0+6.9 19.5-20.6 221+8.3 21.1-23.0 <0.001

contraction A (MV A 0.70+0.21 0.68-0.72 0.77+£0.19 0.75-0.79 <0.001
peak), m/s

Ratio MV E peak: MV

A peak (E/A) 1.17 £0.49 1.13-1.21 1.00 £ 0.37 0.96-1.04 <0.001

Table 3: Key echocardiographic characteristics
However, across high or low BMI categories, high WC was associated with more adverse mean E/A

and V02 measurements. (Figure 1a, 1b). Among those low BMI, high WC was associated with more

adverse mean LAVI (Figure 1c).
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Figure 1a,b,c: Distribution of myocardial relaxation (E/A), aerobic capacity (VOZ2) and left atrial
volume index (LAVI) based on BMI and WC.
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Multivariable linear regression analysis was performed in BMI and WC groups to assess association of
the E/A ratio with obesity status after adjustment for significant co-variates (Table 4). Adjusted R? value
was 13.9% and 45.5% for BMI and WC groups, respectively. When adjusted for hypertension and
diabetes mellitus, BMI was not associated with cardiovascular function. In contrast, WC was associated
with E/A (B=-0.114, SE -0.114 + 0.024, p<0.001), independent of age and diabetes mellitus. With each

one-centimetre increase in WC, E/A ratio declined by 0.114.

Obesity based on body mass index Obesity based on waist circumference

. Standard . Standard
Variables Agjuzte coefficien Std. p- Adjuszte coefficien Std. b-
R Error value dR Error value
t (B) t (B)
-0.288 -0.036
Hypertension 0.139 -0.288 * <0.001  0.455 -0.036 * 0.198
0.031 0.028
Diabetes -0.156 -0.032
mellitus -0.156 + <0.001 -0.032 + 0.035
0.042 0.034
Body mass -0.059
index, kg/m? -0.059 + 0.168
' 0.043
Waist -0.114
circumference, -0.114 + <0.001
cm 0.024
. . -0.032
Dyslipidaemia -0.032 +0.027 0.230
-0.021
Age, years -0.021 + <0.001
0.0001
0.037
Female 0.037 + 0.107
0.023

Table 4: Multivariate regression model for E/A ratio
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2) Waist circumference, rather than body mass index, better characterises the impact of obesity

on cardiac ageing

WC identified higher prevalence of obesity, possibly related to central adiposity. Across BMI
categories, WC identified more adverse measurements in myocardial relaxation, aerobic capacity and

left atrial structure.

The prevalence of obesity was higher at 35.7% based on WC, and only 12.8% based on BMI.
Comparing between definitions of BMI versus WC, WC identified the presence of obesity in adults
who were older in age, whereas BMI did not differentiate between adults with older age. Although both
definitions are intrinsically different, and are not interchangeable, these prevalence rates highlight the
importance of using appropriate definitions of obesity, particularly among older adults with aged

biology.

Although both definitions identified more adverse alterations in cardiovascular structure and function,
only WC was independently associated with impaired myocardial relaxation. Importantly, even within
non-obese BMI category, high WC was associated with impairments in myocardial relaxation, aerobic

capacity and left atrial structure.

The limited ability of BMI to identify obesity among older adults have been previously appreciated®®.
At extremes of age and weight, BMI has limited utility. Apart from age, older adults have fluctuating
body weights, related to ageing or accumulation of systemic illnesses*®’. We observed that those defined
as obese by WC had lower hand grip strength, a possible reflection of concomitant muscle sarcopenia.
Our findings concur with studies that have found associations between abdominal adiposity and poorer
physical outcomes in sarcopenic adults??. This adds to the body of evidence that shows inverse
associations between muscle strength and adiposity-related obesity markers, particularly among older

adultleS, 124
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Our findings are novel because they depict distinct associations between WC and cardiovascular
structure and function among older adults. WC was linearly associated with impairments in myocardial
function, namely myocardial relaxation (E/A), a common early manifestation of myocardial ageing.
Left atrial size was larger among the obese, a well-recognised risk factor for atrial fibrillation
development'?®. While cardiometabolic complications of central adiposity are well established in
current literature® 27 our data provide a clue as to how obesity contributes to cardiovascular

dysfunctions that may herald the onset and lead towards cardiovascular disease development.

The obesity-related risks of cardiovascular disease are well-established*? *?°. While our cross-sectional
study precludes causal inferences, the alterations in myocardial relaxation and left atrial structure, point
to specific key alterations in the cardiovascular system that are commonly involved in obesity-related
heart failure and ageing, such as heart failure with preserved ejection fraction or atrial fibrillation among
older adults. Importantly, we observed adverse alterations in myocardial relaxation, left atrial structure

and aerobic capacity, among those with non-obese BMI but defined as obese by WC.

3) Obesity defined by waist circumference as a marker of cardiometabolic risk

Our observations are supported by recent studies that also reported metabolic abnormalities among
individuals deemed to have normal BMI*®. In a small study, women with normal BMI and high body
fat percentage had lower resting metabolic rate and oxygen consumption, when compared to women
with normal BMI and no excess in body fat percentage™. In a clinical study of heart failure patients,
lean-fat patients with high waist to hip ratio and low BMI, had the worst outcomes at one-year for heart

failure hospitalization or mortality*3*

. These observations should prompt intense efforts to address the
early subclinical risks of atrial or ventricular dysfunction in older adults defined as obese by waist

circumference but lean by BMI.

In our earlier study, metabolites associated with poorer cardiorespiratory function in ageing were
independent of the effect of body mass index.
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VO2low | VO2 high | Total OR (95% | p-value *Adjuste | p-value

Cl) d OR

Amino

acids

Ala 6.2 (0.3) 6.1 (0.2) 6.2(0.2) | 0.1(0.03- | 0.018 0.1(0.01- | 0.044
0.7) 0.9)

Arg 47(0.2) 48(0.2) |47(0.2 2.1(05- | 0.34
9.0)

Asp 31(0.3) [31(03) 31(0.3 |05(0.2- |031
1.8)

Cit 34(04) |35(0.4) 35(04) 1.8(0.8- |0.14
4.1)

Glu 46(0.2) 4402 | 45(0.2) |0.03 <0.0001 0.1 (0.01- | 0.0070
(0.005- 0.5)
0.1)

Gly 54(0.2) |55(0.2) 5.4 (0.2) 10.8 (1.8- | 0.0080 5.8 (0.7- | 0.099
62.9) 46.5)

His 43(0.2) 43(0.2) 43(0.2 1.8(0.4- | 0.46
8.2)

lleLeu 50(0.3) |4.9(0.3) 50(0.3) 0.6(0.2- | 047
2.1)

Met 3.2(04) |32(0.4) 32(04) 1.3(0.5- | 0.52
3.3)

Orn 45(03) 4403 |44(0.3) |0.3(0.1- | 0.049 04(0.1- 024
1.0) 1.8)

Phe 43(0.2) 4302 4302 |04(01- 032
2.4)

Pro 55(0.2) |55(0.2) '55(.2) | 03(0.1- | 0.069
1.1)

Ser 48(0.2) 48(0.2) |4.8(0.2 1.0(0.2- | 0.96
5.3)

Trp 39(0.2) |40(03) 40(.3) | 33(0.8- | 0.098
13.2)

Tyr 43(03) 4203 |42(0.3) |04(0.1- | 0.085
1.2)

Val 55(0.3) |54(0.3) 55(0.3) |07(0.2- |0.63
2.5)

Table 4: Metabolomic patterns associated with peak oxygen capacity, independent of BMI *Age,
BMI and diabetes were adjusted.

In a separate cohort that had investigated associations between waist circumference and metabolic

profiles, visceral adiposity was significantly associated with amino acids such as glutamate, glycine,

methionine, isoleucine and proline'*?. These metabolites were similarly observed in our cohort (Table

4), associated with poorer peak oxygen uptake in older adults.
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I am the principal investigator of the study. My contribution includes obtaining grant funding for this
work, setting up the study protocol, recruitment of research participants, obtaining ethical approval,

data analyses, and manuscript review.
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RESEARCH QUESTION #4:

Recognising the need to incorporate multiple biological inputs,
would an expansive machine learning (ML) approach help rank
key factors that determine healthy cardiovascular health in

ageing?
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PUBLICATION #6

Loh DR, Yeo SY, Tan RS, Gao F, Koh AS.

Explainable Machine-Learning Predictions To Support Personalised Cardiology Strategies. Eur

Heart J Digit Health. 2022;3:49-55

“Aims: A widely practiced intervention to modify cardiac health, the effect of physical activity on older
adults is likely heterogeneous. While machine learning (ML) models that combine various systemic
signals may aid in predictive modelling, the inability to rationalise predictions at a patient personalised
level is a major shortcoming in the current field of ML. Methods and Results: We applied a novel
methodology, Shapley Additive Explanations (SHAP), on a dataset of older adults n = 86 (mean age
7214 years) whose physical activity levels were studied alongside changes in their left ventricular (LV)
structure. SHAP was tested to provide intelligible visualization on the magnitude of the impact of the
features in their physical activity levels on their LV structure. As proof of concept, using repeated K-
cross validation on the train set (n = 68), we found the Random Forest Regressor with the most optimal
hyperparameters, which achieved the lowest mean squared error. With the trained model, we evaluated
its performance by reporting its mean absolute error and plotting the correlation on the test set (n =
18). Based on collective force plot, individually numbered patients are indicated on the horizontal axis,
and each bandwidth implies the magnitude (i.e., effect) of physical parameters (higher in red; lower in
blue) towards prediction of their LV structure. Conclusions: As a tool that identified specific features
in physical activity that predicted cardiac structure on a per patient level, our findings support a role

for explainable ML to be incorporated into personalised cardiology strategies.”
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Aims A widely practiced intervention to modify @rdiac health, the effect of physical activity on older adults is likely
heterogenesus. While machine learning (ML) modets that combine various systemic signals may aid in predictive
maodelling the inability to ratisnalize predictions at a patient personalized level is a major shortcoming in the qur-
rent field of ML

Methods We applied a novel methodology. SHapley Additive exPlnations (SHAP). on a dataset of older adults n=86

and results (mean age 72 +4 years) whose physicl adivity levels were studied alongside changes in their left ventricular (LV)

structure. SHAP was tested to provide intelligible visualization on the magnitude of the impact of the features in
their physical activity levels on their LV structure. As proof of concept. using repeated K-cross-validation on the
train zet (n=68), we found the Random Forest Regressor with the most optimal hyperparameters, which achieved
the lowest mean squared error. With the trained model, we evaluated its performance by reporting its mean abso-
lute ermor and plotting the correlation on the test set (n=18). Based on wollective force plot. individually numbered
patients are indi@mted on the horizomal ads, and each bandwidth implies the magnitude (Le. effect) of physicl
parameters (higher in red; lower in blue) towards prediction of their LV structure.

Conclusions Asa tool that identified specific features in physical activity that predicted cardiac structure on a per Fﬁ.ﬁEl'lt'E'\ﬂ;.
our findings support a role for exphinable ML to be incorporated into personalized cardiology sirategies.
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2 DU Loh etal
Graphical Abstract
This study explored whether In & proof-of-concept study that Thereis practical dinical wvalue in
explainable machine leaming included 86 older adults, 2 nowel incorporating explainability tools
techniques could identify and approach using Shapley Additive such as SHAP into machine
explzin features in physical activity Explz nations (SHAP ) methodology leaming prediction.
that predicted cardiac structure on provided intelligible visualization Interpretability may have a role in
a per patient leve | for older adults. on the magnitude of the impact of enhancing personalized medicine
the features in their physical strategies.
activity levels on their cardiac
structure.
A Cutput = 131 877 fxl
‘ -
e G
Loan_T wer I
o e -~
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12 otk Features ] l.
118 120 122 174 178 178 130 133
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Lean LA =278 Lean T=22.1 BMR = 1.5 SMM = 2 BFM = 16.1
Keywords Artificial inteligence * Cardiology * Machine leamning *  Ageing *  Physical activity *  Esxplairable *
SHAP
Introduction individuals will likey have widespread healtheare inpact. Physical ac-

Currently, multiple groups are working on developing machine
learning (ML) techniques for cardiovascular disease'™ A com-
mon theme across this rapidly burgeoning field is the experimen-
tal uze of heterogenecus methodologies. While the pursuit to
fine-tune MLmodels in disease prediction is an ongoing one, there
is far less work on operaticnalizing these models for future clinical
trans lation.

Backed by power in large datssets present in population-based
healthcare, we anticipate immense potential for ML to influence
headlthcare goak of interest to large population sets. The field of
physical activity is a prime example, where strategies persoralized to

tivity has an important rode in modulating the impact of populaton
ageing on cardiovascular disease as well as ageingrelated dedines
inmusde mass and overall function* However, there is wide interin-
dividual variation in responses to physical activity.”

As physal activity is a major modifiable estyle factor that can
mitigate ageing-related changes in @rdiovasoular function in conjunc-
tion to sarcopenia and frailty, foousng work from ML to persoralize
phyzical activity strateges is likely impactful

In this work, we applied the SHapley Additive exPlanations
(SHAF) methodology ona dataset of clder adults whose physical ac-
tivity levels were studied in conjunctionwith changes in their leftven-
tricular (LV) sructure. We hypothesize that imtelligent visualization
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Expl ainab le machine learning for personalized cardiovascular medicine

of physical facroms of greatest impact on LV structure by the SHAP
approach would identify unique features on a per patient level

Materials and methods

Study population
Wi shudied data froma random pilot sample of human subjects recruited
from the Cardiac Ageing Study {Cﬂsfapmspecme study initiated in
2014 that escamines characteristics and determinants of cardiovascular
function in elderly adults. The cumrent study sample consisted of men and
women who participated in the baseline CAS 2014-2017 eamination
whao had no selfreported history of physician-diagneced cardiovasoular
disense (such 335 coronary heart disesce atrial fibrillation), stroke, or can-
cer. Wrkten informed consent was obtained from participants upon en-
roiment. The SingHealth Centralised Institutional Review Board (CIRCY
014/628/C) had approved the study protocol

Subjects underwent transthorace echocardiography. Briefly, edhocar-
diography was performed wsing ALOKA 210 with a 3.5 MHz probe. In
each subjert, standard echocardiography, which incleded 2D, M-mode,
pulse Dappler, and tissue Doppler imaging, was performed in the stand-
ard parasternal and apical (apical four-chamber, apical two-chamber, and
apical long) views, and three cardiac opdes were recorded. Laft ventricu-
lar ejection fraction and LV mas were mexsured. From the pamsternal
long-axis view, LV dimensions were asessed and LV mass was calculated
mmem‘sfmrﬂmmmmbyﬂn
mmﬁmnawﬂnmmmamagedmﬂmmmﬂ
cydes and adjusted by the RRinterval

Machine learning
With the collerted data the participants’ physical functional parameters
were identified and grouped together as featunes (Supplementary mater-
al online, Appendix 5A). They were then uwsed to predict the target vari-
ahle, LV mass. The datsset wes randomly dhaded, with 80% wsed for
training (n=68) and 205 wsed for testing (n = 18). Missing feature data
werealo replaced with mean values

The Random Forest (RF) iz an ML tedhnique based ona collection of
dedision trees ® Given our small dataset, RF is a suitable choice of model
because it can handle large numbers of variables with nelatively small
mﬂl:-enufnbmnmbmgﬂieRFdnaﬂisbyMﬂtgnmymh
which each tree i genemted for a portion of the data which i randomly
sampled with replacement. Each tree generates an output and the RF in-
ference is determined according to the aggregate of the cutput from the
different trees The ablity of the RF to deal with a non-linear boundary
and the combination of outputs from mu tiple trees. allows the tedhnique
to give an accurate output ®

In car approach, we used grid search and four-fold oross-validation on
the train set to find the optimal RF Regressor, which had the lowest mean
wallidation mean squared error. The final tuned pammeters wene listed in
Supplementary material online, Table 51, With the trained model, we
evaluated its perfomiance by reporting its mean absolute error and plot-
ting the corration on the test set.

Using SHAP to interpret model

SHAP was used as a unified framework to interpret model predictions.
Specifically, we used Tree SHAP, a variant of SHAP to provide explana-
thons for the individual predictions made by RF.We created waterfall and
individual force plots, where each feature value was visualired = a force

that either intreases or decreases the base value Shapley values wene
apregated toprovide global importance.

Results

We used RF regression to analys the dataset and complemented it
with SHAP to interpret the output. The objective is to rank variables
by lol and global impor@mnce, for determining LY structure, amaong
a aohort of community older adults irvolved in physal activity.

The baseline clinical characteristics and cardiovascular measure-
mentof the study population are desmribed in Table 1.

Based on the test set (Fgwe 1), there is an observed correlation
between the predicted and actual values with R value of 067, Both
curves follow each other dosely and an acceptable mean ahsolute
error of 18917 (<1 50 of 47.704 for the test set distribution). This
implies that our RF model is moderatety acourate ar predicting the
LV ma=.

Based on the train set (Rgwre ), basal metbolbc rate (BMR) was
the mostimporznt feature in determining the LY structure due to it
greatest average impact on the model output, as indicated by the
miean atsohte SHAP values. Other features such 2 appendioular
lean mass (ALM) were found to have unimportant as their mean
SHAFP values were zero. As a more informative atermative, Figure 3
describes the relationship between the features and their gobal im-
pact based on the computed SHA P values for each instance. For ex-
ample, higher BMR conmributed to a larger LV mass, showing positive
comelation. This is because a high BMR feature value (inred) maps to
a higher positive SHAP value, which iz equivalent to the positive
change in value from the expected LV mass prediction for that obser-
vation. On the other hand, a low BMR feature value (in blue) general-
by maps to a lower SHAP value that falls within the left distribution,
where most of them comespond to a negative contribution to the
expected output.

Bazed on the test st (Fgue 4), the SHAP TreeExplainer visually
provides local interpretability to 2 models prediction for an individual
patient in two related flavours. Figue 44 can be thought of as the
decomposed version of Rgure 4B, detailing the model's decision in a
sequential manner. This is becuse each of the feature contribution
can baindependentty mlculated using SHAF values and then summed
up to give the final prediction. For example, when predicting the LV
mass for Patient #6, a BMR feature value of 1516 contributed a cor-
responding SHAP value of 1304, resulting in a final predicted LV
mass of 132 Itcan also be ohserved that the effect of BMR for this pa-
tient outweighs other weaker podtive fartors [eg Lean T and arm
{31M) and bodyfat mass (BFM)].

Individual force plots can ako be combined to produce stacked
SHAP explarations, which @n be amanged acconding to their original
ordering (Figure 5) or clustering similarity (Supplementary material
online, Figure 54). Bazed on the test set, Rgure 5 resembles the line
plot for the predicted values in Fgure 1. where the vertical axis
describes the predicied LV mass by the RF Regressor while the hori-
zontal axis shows the original patient omdering. Each band width
implies the magnitude (ie. effect) of physial parameters (higher in
red; lower in blue) towands prediction of their LV structure. Again,
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Table | Baseline clinical characteristics and cardio-
vascular measurements of the study population

Study
population
(n=2g&)
Clinical e ovaristes
Age, years T (42)
Parre se (%) 43 (50
Weight, kg 598 (107)
Systolic blood presure, mmHg 150 (371}
Ditastenlie blood pressure, mmHg (0T
PPl ze, beemuts per Friiute 4 (130)
Physical functional parameters
Deedatal musele mass, kg 220 (48)
Body fat rmass, kg 193 (68)
Percertags body fat, % 314 (B0)
Waisi—hip ratio 05 (0De)
Fitneds soare B62 (32)
[Basal rrietabue e rate, el 1255 (167.2)
Armm mass, kg w0 (5
Trunk mas_ kg 183 [34)
Appendicular lean mass, kg 164 (38)
Cardise mesturements by echocardiogranhy
Interventricular septurm thidmes at 08 (01)
end-diagale (IWS0) (am)
Interventricular septurm thidkmnes xt 12 (03)
end-gystale (VES) (o)
Left vertrioulr intemal dismeter 44 (05}
end-dixstale (LVIDD) (cm)
Left vertricular intemal dismeter 24 [05)
end-gyatole (LVIDE) (am)
Left vertricular posteriar wall 0 (01)
end-dixsta le (LVPWD) (om)
Left ventricular pesteriar wall 14 (02)
end-gystale | LVPYWE) (am)
Left ventriculsr outflow tract (LVOT) (om) 21 {03)
Aortic diameter (A0), an 30 {05)
Left atrium (LA) (em) 36 (08)
Left ventriculsr ejection fraction (LVEF) (&) T (73)
Left ventricubsr fractionl 4 (68)
shartening (LVFS) (%)
Left vertricular ras, g 119 (427
Left atrial volume, ml 36 (12
Pak velocity flow in early disstole 04 {01}
E (MW E penkc), mbs
Pk welacity flow in bate dasole by 08 {02)
atrial contraction A (MY A peak), mék
Ratio MV E peate MY A peak 0% (03)
Mitral walve flow dece eration 200 (31)
time (MY D) {ra)
Pulmonary artery systolic predarms 7 (64)
(PASF) (rrenHg)

Sandard dedatons ane in parentheses.

' EEERREEEREEEEEEEREE
Patient Bumbar

Figure | Line plots comparing the true and predicted left ven-
tricular mass by the Random Forest Regressor on the test sat_

Surn ol 11 other featares | 4

el 5

LS L]
ey AR ekl

Figure 1 Bar plot consisting of features sorted by their import-
ance, which & measwred as the mean absolute SHapley Additie
exPlanations values, within the train et

g

E

]

|

o
FRabre value

-fn [} ] m n e o
SHAP valisa (impact on rrssdel sotputh
Figure 3 Summary plot describing the relationship between the
valse of the feature and the impact on the prediction within the
train et Only the top seven features were displayed.

using Patient #6 as an example, BMR was observed to be the single

predominant positive facor on LY mass, outweighing other weaker
positive factors and negative factors. In contrast, LV mass in Patient
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Figure 4 SHapley Addithve exPlanations provides explainability to the predicted | it ventricular mass of the black box Random Forest Regressor

for Patient #6 in the form of waterfall plot (8) and indhédual force plot (B

2059

Figure 5 Collective force plot for test set based on original patient ordering. The plot has been superimposed to show the impact ofthe physical

s thonal parmmeters for Patients#i6 and #11.

#11 was predicted jointty by several positive factors (eg SMM, BMR,
Lean T). This suggests that intervening on these prominent physical
functicral parameters (in red) would maore likely improve the crdiac
health state of Patient #11, as opposed to Patient#6 who has less de-
terministic parameters.

A heatmap plot with the same clustering order, yielding the same
curve can alko be presented (Supplementary material online, Rgure
54). In both figures, dinicians can see that Patients #6, #8 and #12
were grouped a similar insmnces (renamed as ingances 1,2, and 3,
respectively) due to their comparable features after dustering. The
clinicians can therefore infer that theze patients in the zame subgroup
can be characterized as having similarly high BMR as the main

contributor to their poor cardiac cutcome, which also suggests activ-
ities that c@n lower their BMR may be effedive for this group of
patients.

Discussion

In this exploratory work, we demonstrated the utility of SHAP to en-
hance interpretation of factors assodated with physical activity and
cardiac structure.

In contrast to vast volumes of work performed on optimizing
ool .IHJII}",1 * ML work on model interpretbility is s@me
However, our wark adds to recent work by a handful of others who
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recognize the value of SHAP for model interpretation. In the field of
candiology, Lu e o' used X GBoost regression in conjuncrion with
SHAP analyses to identify heart failure clinical subtypes based on
electronic health records. Their model utilized structured data from
electronic health records to aid dinicians in detecting heart failure
stages but did not include other clinical information. In our work, we
studied clinical pammeters in conjunction with patient-spedfic LY
structure and determined the relative importance of patient-spedfic
hmﬂemofuansmmed'mﬁopim”asaninaghgm
of choice for LV assessment is an added novelty of our work
Similarly, another recent study used SHAP approach to depict
electrocandiographic feanures assodated with LV geometry.' Taken
together, innovative solutions that combine dinical parameters with
detiled @rdiovasaular imaging may represent novel approadhes for
ML interpretation.

The existing gaps in ML work that are geared towards visual inter-
pretation present fresh opportunities for this field In a large review
comprisingof 103 cchorts and over 3 million individuals,'* most stud-
ies in ML only reported the best performing models and evaluation
retrics that were suited to their own dataset While these methods
should continue to form the backbone of ML work, stronger em-
phasis on interpretability could further enhance dinical applications.
The clinicians also may be able to better corroborate findings across
different studies despite the technical heterogeneity (eg. hyperpara-
mmdmmiﬂ.hﬁkmﬂg%mﬂ'ﬂtﬂﬁe
RF regression model performed well in predicting the LV mass using
aset of physical functional parameters, and further demorstrated the
use of SHAP as a visualization tool to provide informative plots based
on explanations that justify the model’s dedsion.

Az 3 unified framework for interpreting model predictions, SHAP
isassociated with three key desirable properties, namely lo@l acour-
acy. missingness and consistency. * These properties make SHAP a
superior method over other attribution methods sudh as Local
Interpretable Model-Agnostic Explanations (LIME)." Onalocal level,
individual force plot and waterfall plot can be created for every in-
sance, where each feature value can be visualized as a force thar
either increases or dedreases the base value (ie. the average of all
predictions). Furthermore, all the individual force plots can also be
starked horizontally to produce a collective force plot and placed
side by side acconding to dustering similarity, allowing dinicians to
easily identify groups ofsimilar insmnces.

Az an extendgon, Shapley values can ako be aggregated to provide
ming the absolute Shapley values per feature aoross the data as a way
of quantifying the marginal contribution of each predictor towards the
target vanable. By sorting the features in decreasing order of import-
ance, the feature importance plot allows clinicians to visuslize the most
important features that require mone attention. tt is criticl to point
out that the implementation of SHAP, which is based on the magritude
of feature attributions, is different from the permutation feature imn-
porance, which is based on the decrease in model performance.

SHAP also offers summary plot, which may be more informative as
it combines feature importance with feature effects as well as shows
the relatiorship between the value of a feature and its impact on the
prediction from a more gobal perspective. Finally, a heatmap can
akeo be plotted, whidh allows for data in two dimensions The variable

feature importance is sorted in descending order along the vertical
ads and uses hot-to-cold scheme 1o reflect the features’ contribu-
tiors towards the predictiors for the instances that e on the
horizontz| axds.

The potential impact of locl explnations for ML models is
profound. The incorporation of an explainability tool like SHAP
into clinicl workflow is especially important in overcoming the
resistance of adopting such black box models due to the perik of
blindly trusting their cutputs at face value. Understanding why
these algorithms make certain predictions is just as crucial as their
accuracy because it facilitates transparency and can assist the
dinicians to make more informed decisions. The upshot of this im-
plementation is that patient outcomes may improve. Further
research in this area is needed

Our exploratory work may be limited by a small dataset.
However, the goal of this exploration was to determine suitable
ML methods to present data in clinically useful ways, rather than
on model accuracy. In the area of interprembility, we have con-
fined our results to using SHAP methodology. We acknowledge
that there may be other methodology for interpretability, such as
LIME." counterfactual firness.'” and justification narratives '™
that are available in the wider Al field. Howewver,in cur sk whidch
requires the measurement of feature importance for the clinicians
to interpret, SHAP stands out as the only additive feature attribu-
tion method that satisfies the two key properties of consistency
and a:r.ula:}r.ﬁ

Conclusion

There appears to be practial clinical value in incorporating explain-
ahility tooks such as SHAP into ML prediction. Interpretability may
have a role in enhancing personalized medidne strategies. With some
guidance, the generated SHAP plots are easy to undersand with the
well-desgned colour variations and intuitive labels, even for a layman
without ary background in ML The SHAP AP iz dlso publidy avail-
able and well-documented.'® hence it can be easily integrated into
any user interface that supports pyrthon. We hope our work provides
the motivation for the medical industry to hegin incorporating such
improving personalized medicine

Supplementary material

Supplementary material is available at Fuopean Heart Joumal — Digital

Hedth online.

Acknowledgements
We thank the staff of the bboratories involved for particpating in
the conduct of the study.

Declaration of Helsinki

The authors state that their study complies with the Declaration of
Helksinkd, that the lowlly appointed ethics committee has approved

155

155



Esqpl ainab e machine learning for personalized cardiovascular medicine

156

the research protocol and that informed consent has been obtained

Funding

The Cardiac Aging Study has receved funding support from the National
Foundation, Dule-MUS Medical School Estate of Tan S Khoo Teck
Puat, and Singhealth Foundation. The funders had no role in the dedgn
and conduct of the shudy; collection; management, analysk, and interpret-
ation of the datz; and preparation, revew, or approval of the manuscdpt.

Comflict of interese none declared

Data availability
Data mnnot be shared publidy for ethical ressons due to instiutional

restncons.

References

1. Weng 5F, Reps | Kai | Ganbaldi JM, Qureshi Bl Can machine-bearning improve
ardiomsoular nsc predicion usng routine cinkal datal Plef Ove 201742:
174944

L Kuman (U, Mury ASD), Prasanna BL, Reddy MPP, Panigaby AK. An aupmated
detetion of heart arhythmiz wsing machine leaming technique SVHL Maer
Taday Proc 2021481393139

3 L 7. Hag AL, Din SU, KFan | Khan A, Sahoor AL Heart dissmse identifiation
methad using machine bearning classication in E-healfiare EEE Access 2O00R:
1075462 -1075 82

4 Marzett E Cabani R, Toszo M, et al; SPRINTT Corsortum. Physical actiity
and exercise as countermeasure s to physal Faly and sropenia. Apng e Exp
Res MN17 293541

5 Moreno-Agasting D, Dagalopoubou O W =T, et al The impact of physical ac
vty on hedthy ageing trajectones evidence from sight cobort studies bnt |
Bedoy Mutr Phys Ac XI20ATS2.

& Kerg BMH, Gao F, Teo LLY, et al Associations betwesn seletal musche and
myacardum in agng: a spndrome of “cardio-saropena™ | Am Gedar Soc 2019;
E7-1568-2 573

7. lang RM, Badano P, Marsdsd W, et al Recommendations for cardine chamber
quantiicion by echoardogmphy in aduks an wpdae fom the Amencn
Society of Bdhocardiography and $he European Associmion of Cardiovasaufr
Imagng. | Am Sar Echocordiogr 201 528:1-33.

8 Breiman L Random forests. Mach Learn 1001485 -3

9. Gromping UL Varable importance assessment in regression: near regresson
s random forest. Am 5o B0 050683083 19,

10 Lu 5, Chen B Wi W, Lu X Understinding heart-falure patients EMR clinical
fegtures wa SHAP interpretaton of tresbased markine leaming model predic.
fone. W21 arsiv2 10311254

1. Mitchell C, Rakioo PS5, Blauwet LA, et al Guidelnes for performing 2 comprehen-
swe Tansthoracic echarardiographic eamiraton in aduks remmmenditions
from the Amenan Society of Echocardiography. | Am Soc Ectocordegr 101932
&4

1L Angeldd E, Marloetou ME, Barmpanis GD, et al Detecton of abnormal beft wen-
ficulr grometry in patents without @rdiowasoulr disese firough mackhine
learming- An ECG-hased approach | Clin MHyhestars {Greenwich) 102 1, 73-935-945.

13 Krttanasong O Wik HUH, Banglare 5, et d Madiine leaming predicion in
ardowmscular diseases 3 metaanalrss. Sa Rep 2030 16057

14 Lundberg 3M, Lee 5L A Unffed Appmadh o knerpreding Model Fredictions. Inz
MNIPS7: Proceedings of the 31zt Imermatomal Conference on Meural
Inflor magon Procesong Systems 2017, pp. 4768 4777 . Curran Assodates inc

15 Rbero MT, Sngh 5 Guessin O “Why should | trust youl™: explhining the pre-
dictions of any chesfier. 201 & htp ofidolarg0.11 452 93867 22939778

14 Ribera MT, Singh S Guestrin O Anchors: high-precsion madel-agnostc explan-
atiore. e ¥ind AAAL Corference on Artfcal intellpence, AAAL 2018 2018;
e 1537-153 5 hitpofojsaas.ongind expbplhAAl arde e 1491,

17. Kusner M, Lofhus | Russell O Siba AL Counterichal fmess. e Poc 313 it
Conf Newnl! Information Processing Sesemns WIPS 17, Bed MHaok, WY, USA, 2017, pp.
S0e5-2079. Curran Associates hic

18 Bran O Mokeown K justication naranes for indeidual clasdfcasons. In:
AuroML ‘Workshop at KOML 2014 pp 1-7. hotpoffeesrecs oolumb iedu/nip!”
ppersT 014 usifction_amoml 3014 pdl

19, lundherg SM. APl Reference—SHAP loect Doremendstion. WA hbpefhap.
Iriballlr eschtesd ocs bofenda et api il

156



157

Commentary:
1) Use of machine learning as a tool to identify personalised physical activity factors of

impact to cardiovascular health of older adults

This paper tested a method in Artificial Intelligence, known as Explainable Machine Learning, to
identify personalised factors related to cardiovascular health state among older adults. Currently,
multiple groups are working on developing machine learning techniques for cardiovascular disease™*
135 Backed by power in large datasets present in population-based healthcare, there is immense potential
for machine learning to influence healthcare goals of interest to large population sets. The field of
physical activity is a prime example, where strategies personalised to individuals will likely have
widespread healthcare impact. Physical activity has an important role in modulating the impact of

population ageing on cardiovascular disease as well as ageing-related declines in muscle mass and

136 137

overall function™°. However, there is wide interindividual variation in responses to physical activity=".
As physical activity is a major modifiable lifestyle factor that can mitigate ageing related changes in
cardiovascular function in conjunction to sarcopenia and frailty, focusing work from machine learning

to personalise physical activity strategies is likely impactful.

In this work, we applied machine learning methodology on a dataset of older adults whose physical
activity levels were studied in conjunction with changes in their left ventricular (LV) structure. We
hypothesise that intelligent visualization of physical factors of greatest impact on LV structure by the

machine learning approach, would identify unique features on a per patient level.
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Materials and Methods

Study Population

We studied data from a random pilot sample of human subjects recruited from the Cardiac Ageing
Study (CAS)**®, a prospective study initiated in 2014 that examines characteristics and determinants of
cardiovascular function in elderly adults. The current study sample consisted of men and women who
participated in the baseline CAS 2014-2017 examination who had no self-reported history of physician-
diagnosed cardiovascular disease (such as coronary heart disease, atrial fibrillation), stroke or cancer.
Written informed consent was obtained from participants upon enrolment. The SingHealth Centralised

Institutional Review Board (CIRC/2014/628/C) had approved the study protocol.

Subjects underwent transthoracic echocardiography. Briefly, echocardiography was performed using
ALOKA a10 with a 3.5 MHz probe. In each subject, standard echocardiography, which included 2-D,
M-mode, pulse Doppler and tissue Doppler imaging, was performed in the standard parasternal and
apical (apical 4-chamber, apical 2-chamber and apical long) views, and three cardiac cycles were
recorded. Left ventricular ejection fraction (LVEF) and left ventricular (LV) mass were measured. From
the parasternal long-axis view, left ventricle (LV) dimensions were assessed and LV mass was
calculated using the Devereux’s formula . All measurements were measured by the same operator,

and the measurements were averaged over three cardiac cycles and adjusted by the RR interval.

Machine Learning
Data pre-processing

Categorical variables are converted into numerical form. Rows with missing data are removed.

Model Evaluation Metric
We performed ROC curve analysis and used mean cross-validated ROC AUC as the main metric for

model evaluation.

Comparison of classifiers
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The Random Forest Classifier (RF) is used. Initial comparisons are performed without model tuning,
optimisation, and feature selection. Using the Repeated Stratified K-Fold Cross Validation strategy, we

assessed the performance of models in predicting cardiac outcome.

Reproducibility
Wherever possible, we set all ‘random_state’ = 1. This ensure that the results from each cross-validation

splits and tree-based models are reproducible using the same random state.

With the collected data, the participants’ physical functional parameters were identified and grouped
together as features (Supplementary: Appendix A). They were then used to predict the target variable,
LV mass. The dataset was randomly divided, with 80% used for training (n = 68) and 20% used for

testing (n = 18). Missing feature data were also replaced with mean values.

Feature Name Description
SMM Skeletal Muscle Mass
BFM Body Fat Mass
PBF Percentage Body Fat
WHR Waist hip ratio

Fitness score Fitness score
BMR Basal Metabolic Rate
Lean LA Arm mass
Lean T Trunk mass
ALM Appendicular lean mass

Appendix A: Relevant Physical Functional Parameters of the Participants

The Random Forest (RF) is a machine learning technique based on a collection of decision trees*®.
Given our small dataset, RF is a suitable choice of model because it can handle large numbers of
variables with relatively small numbers of observations**'. The random forest does this by including
many trees, in which each tree is generated for a portion of the data which is randomly sampled with
replacement. Each tree generates an output, and the random forest inference is determined according to
the aggregate of the output from the different trees. The ability of the RF to deal with a non-linear
boundary and the combination of outputs from multiple trees allows the technique to give an accurate

output™.
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In our approach, we used grid search and four-fold cross validation on the train set to find the optimal
RF Regressor, which had the lowest mean validation mean squared error. The final tuned parameters
were listed in Supplementary Table 1. With the trained model, we evaluated its performance by

reporting its mean absolute error and plotting the correlation on the test set.

Parameter Value
n_estimators (# of trees) 5
max_depth 2
min_samples_split 3
min_samples_leaf 1

Table 1: RF Regressor fine-tuned parameters

Using SHAP to Interpret Model

SHAP was used as a unified framework to interpret model predictions. Specifically, we used Tree
SHAP, a variant of SHAP to provide explanations for the individual predictions made by RF. We
created waterfall and individual force plots, where each feature value was visualised as a force that
either increases or decreases the base value. Shapley values were aggregated to provide global

importance.

Results
We used RF regression to analyse the dataset and complemented it with SHAP to interpret the output.
The objective is to rank variables by local and global importance, for determining LV structure, among

a cohort of community older adults involved in physical activity.

The baseline clinical characteristics and cardiovascular measurement of the study population is

described in Table 1.

Study Population (n = 86)

Clinical covariates

Age, years 72 (4.2)
Female sex (%6) 43 (50)
Weight, kg 59.6 (10.7)
Systolic blood pressure, mm Hg 150 (37.1)
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Diastolic blood pressure, mmHg 73 (10.7)

Pulse, beats per minute 74 (13.0)
Physical functional parameters

Skeletal muscle mass, kg 22.0 (4.6)

Body fat mass, kg 19.3 (6.8)

Percentage body fat, % 31.4 (8.0)

Waist-hip-ratio 0.9 (0.06)

Fitness score 66.2 (9.2)

Basal metabolic rate, kcal 1255 (167.2)

Arm mass, kg 2.0 (.5)

Trunk mass, kg 18.3 (3.4)

Appendicular lean mass, kg 16.4 (3.8)
Cardiac measurements by echocardiography

Interventricular septum thickness at 0.8 (0.1)

end diastole (1VSD) (cm)

Interventricular septum thickness at 1.2 (0.2)

end systole (1VSS) (cm)

Left ventricular internal diameter end 4.4 (0.5)

diastole (LVIDD) (cm)

Left ventricular internal diameter end 2.4 (0.5)

systole (LVIDS) (cm)

Left ventricular posterior wall end 0.8 (0.1)

diastole (LVPWD) (cm)

Left ventricular posterior wall end 1.4 (0.2)

systole (LVPWS) (cm)

Left ventricular outflow tract (LVOT) 2.1(0.3)

(cm)

Aortic Diameter (AO), cm 3.0 (0.5)

Left atrium (LA) (cm) 3.6 (0.6)

Left ventricular ejection fraction 75 (7.3)

(LVEF) (%)

Left ventricular fractional shortening 44 (6.8)

(LVFS) (%)

Left ventricular mass, g 119 (42.7)

Left atrial volume, ml 36 (12)

Peak velocity flow in early diastole E 0.6 (0.1)

(MV E peak), m/s

Peak velocity flow in late diastole by 0.8 (0.2)

atrial contraction A (MV A peak), m/s

Ratio MV E peak: MV A peak 0.9 (0.3)

Mitral valve flow deceleration time 200 (31)

(MV DT) (ms)

Pulmonary artery systolic pressure 27 (6.4)

(PASP) (mmHg)

Table 1: Baseline clinical characteristics and cardiovascular measurements of the study
population. Standard deviations are in parentheses.

Based on the test set (Figure 1), there is an observed correlation between the predicted and actual values

with R? value of 0.67. Both curves follow each other closely and an acceptable mean absolute error of
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18.917 (less than one standard deviation of 47.704 for the test set distribution). This implies that our

RF model is moderately accurate at predicting the LV mass.

300

250 -

200 1

\Value

150 A

100 A

01 234567 8 91011121314151617 18

Patient Number

Figure 1: Line plots comparing the true and predicted LV mass by the RF Regressor on the test set.

Based on the train set (Figure 2), BMR was the most important feature in determining the LV structure

due to its greatest average impact on the model output, as indicated by the mean absolute SHAP values.

Sum of 11 other features
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Figure 2: Bar plot consisting of features sorted by their importance, which is measured as the mean
absolute SHAP values, within the train set.

Other features such as ALM were found to be less important as their mean SHAP values were zero. As
a more informative alternative, Figure 3 describes the relationship between the features and their global
impact based on the computed SHAP values for each instance. For example, higher BMR contributed
to a larger LV mass, showing positive correlation. This is because a high BMR feature value (in red)
maps to a higher positive SHAP value, which is equivalent to the positive change in value from the
expected LV mass prediction for that observation. On the other hand, a low BMR feature value (in blue)
generally maps to a lower SHAP value that falls within the left distribution, where most of them

correspond to a negative contribution to the expected output.

High
BMR

Lean_LA
SMM

Lean_T

Feature value

BFM

PBF

ALM

41444

T T T

-10 0 10 20 30 40 50
SHAP value (impact on model output)

Figure 3: Summary plot describing the relationship between the value of the feature and the impact
on the prediction within the train set. Only the top 7 features were displayed.
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Based on the test set (Figure 4), the SHAP TreeExplainer visually provides local interpretability to a

model’s prediction for an individual patient in two related flavours. Figure 4A can be thought of as the

decomposed version of Figure 4B, detailing the model’s decision in a sequential manner. This is because

each of the feature contribution can be independently calculated using SHAP values and then summed

up to give the final prediction. For example, when predicting the LV mass for patient #6, a BMR feature

value of 1516 contributed a corresponding SHAP value of 13.04, resulting in a final predicted LV mass

of 132. It can also be observed that the effect of BMR for this patient outweighs other weaker positive

factors (e.g., Lean T and Lean LA) and negative factors (e.g., SMM and BFM).

A Output = 131.977 ﬂf()

BMR
SMM
SMM
Lean_T =
o
Lean_LA Lean_LA
12 other features ‘
118 120 122 124 126 128 130 132
Base value = 119.78 ELRX)]

B higher =
4.8 : 248 295131.98 34.8
MDD
Lean_LA =278 Lean_T=221 BMR = 1,516 SMM =28.9 ' BFM = 16.1

Figure 4: SHAP provides explainability to the predicted LV mass of the black box RF Regressor for

patient #6 in the form of waterfall plot (A) and individual force plot (B).
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Individual force plots can also be combined to produce stacked SHAP explanations, which can be
arranged according to their original ordering (Figure 5) or clustering similarity (Supplementary Figure
A). Based on the test set, Figure 5 resembles the line plot for the predicted values in Figure 1, where the
vertical axis describes the predicted LV mass by the RF Regressor while the horizontal axis shows the
original patient ordering. Each band width implies the magnitude (i.e., effect) of physical parameters
(higher in red; lower in blue) towards prediction of their LV structure. Again, using patient #6 as an
example, BMR was observed to be the single predominant positive factor on LV mass, outweighing
other weaker positive factors and negative factors. In contrast, LV mass in patient #11 was predicted
jointly by several positive factors (e.g., SMM, BMR, Lean T). This suggests that intervening on these
prominent physical functional parameters (in red) would more likely improve the cardiac health state

of patient #11, as opposed to patient #6 who has less deterministic parameters.

Figure 5: Collective force plot for test set based on original patient ordering. The plot has been
superimposed to show the impact of the physical functional parameters for patients #6 and #11.
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A heatmap plot with the same clustering order, yielding the same curve can also be presented
(Supplementary Figure A). In both figures, clinicians can see that the patients #6, #8 and #12 were
grouped as similar instances (renamed as instances 1, 2 and 3 respectively) due to their comparable
features after clustering. The clinicians can therefore infer that these patients in the same subgroup can
be characterised as having similarly high BMR as the main contributor to their poor cardiac outcome,

which also suggests activities that can lower their BMR may be effective for this group of patients.

25.65
- |

SHAP value

Sum of 11 other features 1 -25.65

0o 2 4 & 8 W L ¥ 1B
Instances

Supplementary Figure A: Using hierarchical agglomerative clustering to order instances within the
test set by explanation similarity, presented in the form of a (A) Collective Force Plot and (B)
Heatmap Plot.
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2) Use of machine learning for ‘Interpretation’ in personalised medicine: a new frontier

In this exploratory work, we demonstrated the utility of SHAP to enhance interpretation of factors

associated with physical activity and cardiac structure.

In contrast to vast volumes of work performed on optimizing model accuracy***%®

, machine learning
work on model interpretability is scarce. However, our work adds to recent work by a handful of others
who recognise the value of SHAP for model interpretation. In the field of cardiology, Lu et al'*? used
XGBoost regression in conjunction with SHAP analyses to identify heart failure clinical subtypes based
on electronic health records. Their model utilised structured data from electronic health records to aid
clinicians in detecting heart failure stages but did not include other clinical information. In our work,
we studied clinical parameters in conjunction with patient-specific LV structure and determined the

143

relative importance of patient specific factors. The use of transthoracic echocardiogram™* as an imaging

test of choice for LV assessment, is an added novelty of our work. Similarly, another recent study used
SHAP approach to depict electrocardiographic features associated with left ventricular geometry#,

Taken together, innovative solutions that combine clinical parameters with detailed cardiovascular

imaging may represent novel approaches for machine learning interpretation.

The existing gaps in machine learning work that are geared towards visual interpretation present fresh
opportunities for this field. In a large review comprising of 103 cohorts and over 3 million individuals*,
most studies in machine learning only reported the best performing models and evaluation metrics that
were suited to their own dataset. While these methods should continue to form the backbone of ML
work, stronger emphasis on interpretability could further enhance clinical applications. The clinicians
also may be able to better corroborate findings across different studies despite the technical
heterogeneity (e.g., hyperparameter selection, data partitioning). In this study, we showed that the RF
regression model performed well in predicting the LV mass using a set of physical functional
parameters, and further demonstrated the use of SHAP as a visualization tool to provide informative

plots based on explanations that justify the model’s decision.
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As a unified framework for interpreting model predictions, SHAP is associated with three key desirable
properties, namely local accuracy, missingness and consistency®*®. These properties make SHAP a
superior method over other attribution methods such as Local Interpretable Model-Agnostic
Explanations (LIME)**". On a local level, individual force plot and waterfall plot can be created for
every instance, where each feature value can be visualised as a force that either increases or decreases
the base value (i.e., the average of all predictions). Furthermore, all the individual force plots can also
be stacked horizontally to produce a collective force plot and placed side by side according to clustering

similarity, allowing clinicians to easily identify groups of similar instances.

As an extension, Shapley values can also be aggregated to provide global interpretability. Global
importance can be calculated by summing the absolute Shapley values per feature across the data as a
way of quantifying the marginal contribution of each predictor towards the target variable. By sorting
the features in decreasing order of importance, the feature importance plot allows clinicians to visualise
the most important features that require more attention. It is critical to point out that the implementation
of SHAP, which is based on the magnitude of feature attributions, is different from the permutation

feature importance, which is based on the decrease in model performance.

SHAP also offers summary plot, which may be more informative as it combines feature importance
with feature effects as well as shows the relationship between the value of a feature and its impact on
the prediction from a more global perspective. Finally, a heatmap can also be plotted, which allows for
data in two dimensions. The variable feature importance is sorted in descending order along the vertical
axis and uses hot-to-cold scheme to reflect the features’ contributions towards the predictions for the

instances that lie on the horizontal axis.

The potential impact of local explanations for ML models is profound. The incorporation of an
explainability tool like SHAP into clinical workflow is especially important in overcoming the
resistance of adopting such black box models due to the perils of blindly trusting their outputs at face
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value. Understanding why these algorithms make certain predictions is just as crucial as their accuracy
because it facilitates transparency and can assist the clinicians to make more informed decisions. The

upshot of this implementation is that patient outcomes may improve. Further research in this area is

needed.

3) Machine learning to converge heterogenous features, including metabolomics and

physical activity and its effects on cardiovascular health

We used machine learning to study multidomain features. The model identified key physical functional
parameters that identified cardiac function (E/A ratio) at the individual patient level. The data—clinical
data, medical images, biological factors, physical function data, socioeconomic data, etc.—were used
to train the model using Al methods that included pre-processing of each cross-validation fold,
identification and aggregation of significant features, and optimization of each feature set with scaling.

Extracted feature sets were input to derive optimal pipelines to yield a final tuned model (Figure A)

Machine Learning Approach

Repeated Stratified K-Fold Cross-Validation

Preprocessing
Top 10 RF Feature
Model ‘F:p rtance
— Prepracessing PO

Test Data

30 features with
MOSE apPearances as

Preprocessing Top 106 Femtre top 10 feature
— Model =3 || oot Anthropometric Greatest Frequency
Freprocessing mportance \

Sl Test Data

\\‘

Feature Sets:
Clinieal Split2
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Exercise i : :

Exercise

Hemodynamics

Biomarkers
Omics-data (multiple

i s : Frowein biomarkers  Lowest Frequency
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= Preprocessing Importance

)

Optimised

. Feature Set
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[TAoicamimne | Optimised
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Second time paint
Acylcarnitipes

Scaled and
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Feature Set

Figure A: Machine Learning Approach to Conglomerate Multiple Datasets for cardiovascular
ageing
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In total, 226 features across 6 feature sets. Subsequently, the model extracted top 30 features (body size,
multiple timepoint acyl carnitines, amino acids, natriuretic peptides and hemodynamics) across all
cross-validation splits, increasing ROC AUC to 0.791. Elimination of lowest ranked features resulted
on ROC peaking to 0.825 (top features: body size, multiple timepoint acylcarnitines). Tree-based

pipeline optimization model tuning improved final AUC to 0.875.

Top 30 Features : Shapley - RandomForestClassifier (Grp 1)
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Figure B: Top ranked features among older adults predictive of cardiac ageing indicates high
importance of acylcarnitines (denoted as C14:2, C8, C22:2, C20:1) in addition to conventional
factors such as physical fitness score.

170



171

Clinical Implications of this machine learning approach

Machine learning conglomerates multidomain feature sets to predict cardiovascular health states and
may be used to follow age- and inter-related factors. Identified significant features may elucidate

modifiable risks or prioritise candidate therapeutic targets.

Our approach builds upon those performed by existing studies of applied machine learning in
metabolomics and cardiovascular disease, where machine learning techniques have been used to
conglomerate large health datasets. For instance, random forest feature importance have been used to
identify both weight gain'*® and heart failure biomarkers**® from metabolomics and clinical data.
Similar technigues have been applied to both create a predictive model through evaluation of ROC AUC
using an ensemble of machine learning models to identify predictors of cardiovascular disease using

random forest feature importance*°.

Limitations

Our exploratory work may be limited by a small dataset. However, the goal of this exploration was to
determine suitable machine learning methods to present data in clinically useful ways, rather than on
model accuracy. In the area of interpretability, we have confined our results to using SHAP
methodology. We acknowledge that there may be other methodology for interpretability, such as
LIME™", counterfactual fairness'? and justification narratives'*® that are available in the wider artificial
intelligence field. However, in our task which requires the measurement of feature importance for the
clinicians to interpret, SHAP stands out as the only additive feature attribution method that satisfies the

two key properties of consistency and accuracy™.

While there are no specific guidelines on minimum sample sizes in machine learning, the consensus is
that the more features there are, the greater the sample size should be™*. The smaller the sample size,
the higher the resulting variance which will be further exacerbated by greater number of features. The
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consequence is overfitting models that might have overestimated scores, which perform poorly in real-
world scenarios. For investigations that involve multiple domains such as ageing, and lifestyle factors

such as physical activity, this may be evident from high variance seen in the ROC curves.

The field also recognises that ethical issues may arise with Al-driven medical judgements. Patients may
find it challenging to understand how they work, and physicians may find it difficult to accept and
confirm recommendations made by Al. Patients and physicians may subconsciously lose some of their
autonomy in treatment decision-making. While Al systems may produce precise predictions,
understanding the reasoning behind the treatment recommendations is essential for making an educated
choice, and establishing comprehensible and transparent Al algorithms are important steps. While Al
algorithms may make treatment suggestions, physicians must still be ultimately responsible for making

medical decisions in alignment with patient preferences and informed consent.

Future directions

Acrtificial intelligence has great capacity to include many diverse concepts in clinical research that has
evaded traditional statistical methods of analysis. Softer clinical characteristics, such as ethnicity,
socioeconomic status, and healthcare financing systems, could be included in future Al models to derive
more relevant real-world interpretations. Clinical studies may also benefit from having more liberal
inclusion criteria and better recruitment prospects with a broader-based analysis method using Al. Using
Al permits the inclusion of more extensive datasets and more variables to examine complex
intervariable interactions and feature weightage without dropping data. Extending this application by
embedding Al algorithms in live datasets or registries to perform dynamic real-time analysis adaptive

to changes in global trends or novel therapies may be next steps.

I am the principal investigator of the study. My contribution includes obtaining grant funding for this
work, setting up the study protocol, recruitment of research participants, obtaining ethical approval,
data analyses, and manuscript review.
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THESIS CONCLUSION

Ageing-related changes in cardiac structure and function are linked to physical activity. Our work has
observed relationships between physical activity and fatty oxidation pathways, linked to aerobic
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capacity™ and mitochondrial fuel metabolism pathways. These findings suggest metabolic

underpinnings between physical activity and cardiovascular health in ageing.

Given the importance of physical activity as an essential modifiable lifestyle factor in mitigating ageing-
related cardiovascular risk, a better understanding of the effect of physical activity on underlying
cellular metabolic processes has improved our understanding of disease pathophysiology and highlights
new potential targets for disease prevention. We acknowledge that our work has focused on leisure time
physical activity rather than exercise training. While our findings may not be easily extrapolated to
more extreme forms of exercise training, leisure time physical activity is prognostically related to major

adverse cardiac events®®

, and thus relevant to population-based cohort studies.
Much work remains ahead of us. There are limitations within omics technology such as metabolomics

that the field should be cognisant of.

First, observed effect changes are sensitive to cohort sizes and prevalence of disease in the studied
population. Therefore, magnitude of associations between metabolites and cardiac risks may not be
generalisable to other cohorts. However, broadly speaking, interpretation may be extrapolated to similar
cohorts based upon context, such as community versus hospital cohorts. Our work reflect data from

community cohorts and would reflect general population across the life course of ageing.
Secondly, sex dimorphisms in the serum metabolome have been observed. Interpretations of
metabolomics and cardiac data need to be considered in future larger studies to account for sex

dimorphisms in the serum metabolome®®" %8, However, studies have shown that age and female sex are

173



174

associated with greater ventricular stiffness in community adults without cardiovascular disease. Thus,

our findings are relevant to real-world scenarios **° ¢,

Thirdly, dietary, and other lifestyle factors pertinent to metabolomic perturbations were not adjusted.
No restrictions on diet and the fasting state of blood tests were not specified in this real-world
investigation of older adults *°. While diet and exercise levels may affect metabolites in the blood
fasting has not been a major source of variability in most metabolites although acylcarnitines may
demonstrate some variability based on fasting status %% %3, For future studies, correlations between
hexoses and essential amino acids with markers of mitochondrial metabolism may provide insights into

the nutritional status of participants .

Fourth, using targeted metabolomic profiling allowed for quantifying absolute metabolite
concentrations but resulted in a limited breadth of analysis. However, targeted profiling allowed us to
demonstrate a quantifiable extent in relation to cardiovascular endpoints. Although these metabolites
represent a small portion of the human metabolome, they report on critical pathways for cellular

metabolism.

Fifth, skeletal muscle mass, a relevant variable of interest in ageing studies '*® was not investigated in
these studies. Circulating long chain acylcarnitines and alanine levels may help track changes in
metabolic pathways common to cardiac and skeletal muscle. Future studies that include biomarkers,
such as muscle mass-derived cystatin C or nitric oxide-mediated epithelial signalling citrate/arginine

ratio, may provide further mechanistic insights ¢ 167,

Sixth, these data are observational in nature and preclude causal inferences. Proper randomised control

trials are necessary to provide robust evidence for the role of physical activity in altering metabolomics,

in addition to how these changes will impact cardiovascular health in ageing.
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Seventh, we did not collect data on endothelial function of the participants. We recognise the importance

of endothelial function in population-based studies of cardiovascular health.

Despite these limitations, our findings deepen our understanding of the mechanistic effects of physical
activity on cardiovascular health in ageing. Further studies with larger cohorts or longer follow-ups may
better depict the clinical impact of these mechanisms and could include multiple-omics techniques that

combine genomics, transcriptomics, and proteomics.

With regards to artificial intelligence, it has transformed the way data aids in medical diagnosis and
delivery of medical care. Healthcare is rapidly evolving, and the strength of artificial intelligence lies
in its capacity to rapidly analyse numerous patient traits and large volumes of data to deliver
personalised medicine. In treatment decision-making, artificial intelligence methods may suggest
customised interventions by comparing each patient with instances like their own, and identify subtle
patterns not readily seen using conventional methods, while providing patient-centred care accounting
for each person's particular requirements and traits. Previously, physicians had made treatment
recommendations guided by their own knowledge, clinical guidelines, and experiences, in discussion
with patient's preferences. However, the complexity of contemporary healthcare and rapidly growing
collection of medical data, including omics, has led to a need for more sophisticated decision-making

tools.

Overall, the omics explosion represented in this thesis via metabolomics will require concomitant deep
analysis alongside numerous patient traits and lifestyle habits such as physical activity. By drawing in
upon all these complexities, artificial intelligence represents a new tool to provide recommendations
customised to individual patient profiles, maximizing the chances of favourable outcomes in complex

life course like ageing, in contrast to a one-size-fits-all strategy faced commonly in clinical guidance.
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Future Directions

The role of the metabolome in cardiovascular health prediction and risk stratification would be
expanded in the future, to include pre-specified analyses in specific patient subsets such as between
women versus men. More rigorous evaluation of the observed metabolic signals could also be
performed within prospective randomised trial settings, including response of the metabolome to
cardiac treatments or interventions. Interrogation of the metabolome in relation to more diverse lifestyle

factors such as diet and microbiome would also be useful.
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Among community cohorts, associations between clinical and metabolite factors and
complex left atrial (LA) phasic function assessed by cardiac magnetic resonance (CMR)

feature tracking (FT) are unknown. Longitudinal LA strain comprising reservoir strain (gs),
conduit strain (se) and booster strain (ca) and their corresponding peak strain rates (SRs,

SRe, SRa) were measured using CMR FT. Targeted mass spectrometry measured 83
circulating metabolites in serum. Sparse Principal Component Analysis was used for
data reduction. Among community adults (n =128, 41% female) (mean age: 70.5+11.6
years), age was significantly associated with es (p=-0.30, p<0.0001), ee (B=-0.3, p<
0.0001), SRs (B=-0.02, p<0.0001), SRe (8=0.04, p<0.0001) and SRe/SRa (=
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Objective: To demonstrate differences in cardiovascular structure and function between
diabetic and non-diabetic older adults. To investigate associations between acyl-
camnitines and cardiovascular function as indexed by imaging measurements.

Methods: A community-based cohort of older adults without cardiovascular disease
underwent current cardiovascular imaging and metabolomics acyl-camitines profiling
based on current and archived sera obtained fifteen years prior to examination.
Results: A total of 933 participants (women 56%, n= 521) with a mean age 63+13 years
were studied. Old diabetics compared to old non-diabetics had lower myocardial
relaxation (0.8+0.2 vs 0.9+0.3, p= 0.0039); lower left atrial conduit strain (12+4.3 vs
14141, p= 0.045), lower left atrial conduit strain rate (-1.2+0.4 vs-1.3+0.5, p= 0.042) and
lower ratio of left atrial conduit strain to left atrial booster strain (0.5+0.2 vs 0.7£0.3, p=
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Background

Ageing and insulin resistant states such as diabetes mellitus frequently coexist and
increase the risk of cardiovascular disease development among older adults. Here we
investigate metabolic differences in amino acid profiles between ageing and diabetes
mellitus, and their associations with cardiovascular function.

Methods

In a group of community older adults we performed echocardiography, cardiac magnetic
resonance imaging as well as cress sectional and longitudinal metabolomics profiling
based on current and archived sera obtained fifteen years prior to examination.

Results

We studied a total of 515 participants (women 50%, n = 255) with a mean age 73
(SD = 4.3) years. Diabetics had higher alanine (562 vs 448, p < 0.0001), higher
glutamate (107 vs 95, p = 0.016), higher proline (264 vs 231, p = 0.008) and lower
arginine (107 vs 117, p = 0.043), lower citrulline (30 vs 38, p = 0.008) levels (uM ...
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Background

Aerobic capacity is a powerful predictor of cardiovascular disease and all-cause
mortality, and it declines with advancing age.

Hypothesis

Since physical activity alters body metabolism, metabolism markers will likely differ
between subjects with high vs low aerobic capacities.

Methods

Community-based participants without physician-diagnosed heart disease, stroke or
cancer underwent same-day multimodal assessment of cardiovascular function (by
echocardiography and magnetic resonance feature tracking of left atrium) and aerobic
capacity by peak oxygen uptake (VO,) metrics. Associations between VO, and

cardiovascular and metabolomics profiles were studied in adjusted models including
standard covariates.
Results

We studied 141 participants, of whom 82 (58.2%) had low VO,, while 59 (41.8%) had
high VO,. Compared to participants with high VO,, participants with low VO, had ...
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Introduction

Body mass index (BMI), despite being widely used as a marker of obesity, fails to fully
capture cardiovascular risks as it is an insufficient biomarker of abdominal adiposity,
unlike waist circumference (WC). We aimed to characterize associations between BMI
and WC with cardiovascular structure and function in older adults.

Methods

Among an observational cohort study of a community of older adults, transthoracic
echocardiography determined cardiovascular structure and function, while aerobic
capacity was determined by peak oxygen uptake (VO 2) metrics. The cut-offs for obesity
were 27.5 kg/m 2 for BMI, and> 90 cm for males and> 80 cm for females for WC.

Results

Of 970 older adults without cardiovascular disease (mean age 7314 years, 432 [44%)]
males), 124 (12.8%) were obese by BMI definition while 347 (35.7%) were obese by WC
definition. Inter-definitional agreement was fair (Cohen's k=0 ...
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Aims

Awidely practiced intervention to modify cardiac health, the effect of physical activity on
older adults is likely heterogeneous. While machine learning (ML) models that combine
various systemic signals may aid in predictive modelling, the inability to rationalize
predictions at a patient personalized level is a major shortcoming in the current field of
ML.

Methods and results

We applied a novel methodology, SHapley Additive exPlanations (SHAP), on a dataset of
older adults n =86 (mean age 72 + 4 years) whose physical activity levels were studied
alongside changes in their left ventricular (LV) structure. SHAP was tested to provide
intelligible visualization on the magnitude of the impact of the features in their physical
activity levels on their LV structure. As proof of concept, using repeated K-cross-
validation on the train set (n =68), we found the Random Forest ...
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DETAILED METHODS

We used data from a cohort study of older adults recruited from community population. The Cardiac
Ageing Study (CAS) was a community-based study of middle aged to older adults (mean age 72+4
years) examined in 2014-2017 who did not have clinical cardiovascular disease (CVD) at baseline. In
CAS, we characterised CV structure and function using novel cardiovascular imaging techniques such
as magnetic resonance imaging and echocardiography. We used imaging markers to define individuals
with worse structural and functional alterations that likely represent cardiovascular ageing. In
conjunction with physical activity and circulating metabolites in this population, we performed cross-

sectional analyses.

Cardiac Magnetic Resonance Imaging

Cine cardiac magnetic resonance was performed using balanced steady state free precession sequence.
All participants were imaged on a 3T magnetic resonance imaging system (Ingenia, Philips Healthcare,
The Netherlands) with a dStream Torso coil (maximal number of channels 32). BFFE end-expiratory
breath hold cine images were acquired in multi-planar long-axis views (2-, 3-, and 4-chamber views)
and a stack of parallel short-axis views to cover the left ventricle (LV) from base to apex. Typical
parameters were as follows: TR/TE 3/1 ms; flip angle, 45°; in-plane spatial resolution, 1.0 mm x 1.0
mm to 1.5 mm x 1.5 mm; slice thickness, 8 mm; pixel bandwidth, 1797 Hz; field of view, 300 mm;
frame rate, 30 or 40 per cardiac cycle. We developed an in-house semi-automatic algorithm to track the
distance (L) between the left atrioventricular junction and a user-defined point at the mid posterior LA
wall on standard CMR 2- and 4-chamber views® *®. Both 2- and 4-chamber views were used to generate
the average strain and strain rate results. Longitudinal strain (&) at any time point (t) in the cardiac
cycle from end-diastole (time 0) was calculated as: €(t) = (L(t) — Ly)/Lo. LA reservoir strain (&),
conduit strain (g,) and booster strain (g,) were calculated at t equals left ventricular end-systole,
diastasis and pre-LA systole, respectively. To derive the peak strain rate (SR) indices, peak values of

the first time derivative of the strain-time curve at systole, diastasis and LA contraction were measured.
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Strain and SR parameters from both 2- and 4-chamber views were averaged to obtain mean results for

analysis

Echocardiography

Echocardiography was performed using ALOKA «10 with a 3.5- MHz probe. In each subject, standard
echocardiography, which included 2-D, M-mode, pulse Doppler and tissue Doppler imaging, was
performed in the standard parasternal and apical (apical 4-chamber, apical 2-chamber, and apical long)
views, and three cardiac cycles were recorded. Left ventricular ejection fraction, left atrial (LA) volume,
and LA volume index (LAVI) were measured. The trans-mitral flow E and A waves with the sample
volume position at the tip of the mitral valve leaflets from the apical 4-chamber view were recorded by
Doppler echocardiography. Myocardial relaxation (E/A) ratio was computed as a ratio of peak velocity
flow in early diastole E (MV E) (m/s) to peak velocity flow in late diastole by atrial contraction A (MV
A) (m/s). Pulsed wave tissue Doppler imaging was performed with the sample volume at the septal and
lateral annulus from the apical 4-chamber view. The frame rate was between 80 and 100 frames per
second. The tissue velocity patterns were recorded and expressed as E’, and A’. All measurements were
measured by the same operator and the measurements were averaged over three cardiac cycles and
adjusted by the RR interval. The specific cardiovascular function of interest in this cohort of older adults
was E/A properties, for which impairments in E/A, would suggest adverse myocardial ageing*®’. E/A
was defined by ratio of peak velocity flow in MV E to peak velocity flow in late diastole by MV A, also
referred to as the E/A ratio. MV E refers to the peak velocity of blood flow during early diastole from
the left atrium into the left ventricle, where blood flows passively into the left ventricle during
relaxation. MV A refers to the peak velocity of blood flow into the left ventricle in late diastole due to

contraction of the left atrium.

Metabolomics Profiling

We used targeted metabolomics profiling for this work. Antecubital venous blood samples (20-30 ml)
were taken from consenting participants in the morning. After collection, the blood samples were
immediately placed on ice for transportation and were processed within 6 h to obtain serum samples,
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which were subsequently stored at —80 °C. Serum metabolomic profiling analysis was performed in the
Duke-NUS Metabolomics Facility. Thawed serum samples (100 ul) were spiked with 20 pl deuterium-
labelled amino acid/acyl-carnitine mixture and diluted with 800 ul methanol. After centrifugation of the
mixture at 17,000 g for 5 mins at 20 °C, the supernatant fraction was collected and divided into two
parts: one (100 ul) for acylcarnitine analysis and one (10 pl) of each extracted serum sample. Amino
acids were separated using a C8 column (Rapid Resolution HT, 4.5 x 50 mm, 1.8 um, Zorbax SB-C8)
on an Agilent 1290 Infinity LC system (Agilent Technologies, CA, USA) coupled with quadrupole-ion
trap mass spectrometer (QTRAP 5500, AB Sciex, DC, USA). Mobile phase A (10/90
Water/Acetonitrile) and Mobile phase B (90/10 Water/ Acetonitrile), both containing 10 mM of
Ammonium formate, were used for chromatography separation. Acylcarnitine measurements were
made using flow injection tandem mass spectrometry on the Agilent 6430 Triple Quadrupole LC/MS
system (Agilent Technologies, CA, USA). The sample analysis was carried out at 0.4 ml/min of 80/20
Methanol/water as mobile phase, and injection of 4 pL of sample. Data acquisition and analysis were

performed on Agilent Mass Hunter Workstation B.06.00 Software.
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