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Aims We sought to determine if myocardial energetics could distinguish obesity cardiomyopathy as a distinct entity from
dilated cardiomyopathy.

...................................................................................................................................................................................................
Methods
and results

Sixteen normal weight participants with dilated cardiomyopathy (DCMNW), and 27 with DCM and obesity
(DCMOB), were compared to 26 normal weight controls (CTLNW). All underwent cardiac magnetic resonance
imaging and 31P spectroscopy to assess function and energetics. Nineteen DCMOB underwent repeat assessment
after a dietary weight loss intervention. Adenosine triphosphate (ATP) delivery through creatine kinase (CK flux)
was 55% lower in DCMNW than in CTLNW (P = 0.004), correlating with left ventricular ejection fraction (LVEF,
r = 0.4, P = 0.015). In contrast, despite similar LVEF (DCMOB 41 ± 7%, DCMNW 38 ± 6%, P = 0.14), CK flux was
two-fold higher in DCMOB (P < 0.001), due to higher rate through CK [median kf 0.21 (0.14) vs. 0.11 (0.12) s-1,
P = 0.002]. During increased workload, the CTLNW heart increased CK flux by 97% (P < 0.001). In contrast, CK
flux was unchanged in DCMNW and fell in DCMOB (by >50%, P < 0.001). Intentional weight loss was associated
with positive left ventricular remodelling, with reduced left ventricular end-diastolic volume (by 8%, P < 0.001) and
a change in LVEF (40 ± 9% vs. 45 ± 10%, P = 0.002). This occurred alongside a fall in ATP delivery rate with weight
loss (by 7%, P = 0.049).

...................................................................................................................................................................................................
Conclusions In normal weight, DCM is associated with reduced resting ATP delivery. In obese DCM, ATP demand through CK

is greater, suggesting reduced efficiency of energy utilization. Dietary weight loss is associated with significant im-
provement in myocardial contractility, and a fall in ATP delivery, suggesting improved metabolic efficiency. This
highlights distinct energetic pathways in obesity cardiomyopathy, which are both different from dilated cardiomyop-
athy, and may be reversible with weight loss.
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Introduction

In the healthy heart, cardiac output varies to match the body’s circu-
latory demands. When cardiac output increases, adenosine triphos-
phate (ATP) demand increases, and this must be matched with ATP
supply to allow normal contractile performance. This concept under-
pins the suggested role of energy metabolism in heart failure—that a
mismatch between ATP delivery and supply may be the common
pathway underlying systolic dysfunction. Insufficient energy supply, as
measured by reduced myocardial phosphocreatine/ATP ratio (PCr/
ATP)1 and reduced ATP delivery through creatine kinase (CK), has
not only been shown in the transition to heart failure in pressure
overload2 but has also been linked to mortality in dilated
cardiomyopathy.3

However, cardiac dysfunction could also occur if the demand
for ATP outstripped supply, or if the efficient conversion of ATP
into contractile force were impaired. While in obesity in the ab-
sence of heart failure, PCr/ATP is low,4 we have recently shown
that the forward rate constant of the CK reaction was increased,5

in response to greater resting energy demand with normal systolic
function. If ATP delivery was still preserved in the context of
both obesity and systolic dysfunction, where energy demand is
lower, it may reflect the inefficiency of energy utilization; this has
yet to be established.

If this were the case, obesity cardiomyopathy could not only be
distinct in terms of energy delivery from dilated cardiomyopathy
(where ATP delivery is low) but also would be amenable to therapies
that improve cardiac efficiency. As weight loss has been shown to re-
duce left ventricular (LV) hypertrophy,6 haemodynamic load,
improved insulin sensitivity,7 and cardiac lipid content,8 this should
result in improved cardiac function.

We sought to investigate whether the energetic differences
observed in obesity remained valid in systolic dysfunction, to assess
whether specific, targeted therapeutic approaches were necessary in
this cohort, as well as understand the impact of intentional weight
loss on myocardial metabolism. We used a protocol combining car-
diovascular magnetic resonance imaging (MRI) and cardiac 31P mag-
netic resonance spectroscopy (MRS) to record cardiac function and

Graphical Abstract

Myocardial energetics are different in obese individuals with cardiomyopathy compared to normal weight with maintained resting adenosine triphosphate
delivery. Weight loss reverses this difference and improves left ventricular systolic function. CK, creatine kinase; EF, ejection fraction; kf, pseudo-first order
forward rate constant; PCr/ATP, phosphocreatine to adenosine triphosphate ratio.

...................................................................................................................................................................................................
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energetics in participants with established dilated cardiomyopathy,
who were obese or of normal weight. This was compared to normal
weight participants with normal cardiac function. Capacity to aug-
ment CK flux in response to dobutamine stress was also assessed. To
investigate the effects of weight loss, studies were repeated after a
dietary weight loss intervention.

Methods

In brief, the study was approved by the local ethics board (NRES refer-
ence 14/SC/004) in accordance with the Declaration of Helsinki.
Patients with established idiopathic dilated cardiomyopathy (ejection frac-
tion 25–45%) were recruited from heart failure clinics at a tertiary refer-
ral cardiology centre. Normal weight controls with normal systolic
function were recruited by poster advertisement. All participants signed
written consent for the study investigations.

Inclusion criteria
Participants were excluded if they had any history of coronary artery dis-
ease, severe valvular disease, were in New York Heart Association Class
IV, or had any significant family history of heart failure. In addition, uncon-
trolled hypertension (resting blood pressure >180/90 mmHg) or atrial
fibrillation (heart rate >110 b.p.m.), and previously diagnosed diabetes
mellitus were exclusion criteria, as was any contraindication to magnetic
resonance scanning.

Anthropomorphic and biochemical

assessment
Height, weight, and body composition were measured using digital scales
with bio-impedance analysis (InBody 770, InBody Co Ltd, South Korea).
Body surface area (BSA) was calculated using the Mosteller formula [BSA
(m2) = �((height�weight)/3600)]. Non-invasive blood pressure was
measured according to standardized methods (average of three supine
measurements with an automatic sphygmomanometer, Carescape V100,
GE). Fasting venous blood was drawn and biomarkers were analysed ei-
ther by the Oxford University Hospitals clinical biochemistry laboratory
according to standardized protocols, or by commercially available ELISA
kit (leptin; Sigma-Aldrich, St Louis, MO, USA). Fasting insulin resistance
was represented by HOMA-IR [(glucose� insulin)/22.5].

Magnetic resonance imaging
Magnetic resonance imaging and spectroscopy were acquired on a 3-T
MR system (Tim Trio, Siemens Healthineers, Germany). Cardiac images
to quantify ventricular volumes and function were acquired using an SSFP
sequence (echo time 1.5 ms, repetition time 3 ms), which was performed
with cardiac triggering and during end-expiratory breath-hold.
Endocardial and epicardial LV contours were drawn manually and ana-
lysed using a semi-automated system (cmr42, Circle Cardiovascular
Imaging Inc., Calgary, Canada). Left ventricular stroke work was calcu-
lated as stroke volume�mean arterial pressure (diastolic blood pressure
þ 1/3 pulse pressure). Rate pressure product was calculated as heart rate
x systolic blood pressure. Cardiac MRI data were analysed by two experi-
enced observers (J.J.R./O.J.R.), blinded to group, and timepoint in the
obese cohort.

31Phosphorus magnetic resonance

spectroscopy
31P-MRS was performed on the same 3-T system described above,
with a 10-cm loop transmit-receive 31P surface coil (Pulse Teq,

Chobham, UK). The CK forward rate constant kf was measured using
a modified 1D-CSI Triple Repetition Saturation Transfer9 sequence
with a shorter ‘stressed saturation transfer’ extension10 as previously
described.

The relative ratio of PCr to c-ATP peaks in the fully relaxed spectrum
was used to generate a PCr/ATP ratio, and the rate of ATP delivery, or
CK flux was calculated by kf� [PCr] where [PCr] is calculated by multi-
plying PCr/ATP by literature values for [ATP] [5.7 for normal weight con-
trols (CTLNW), 5.2 for normal weight participants with dilated
cardiomyopathy (DCMNW) and DCM and obesity (DCMOB)].11 As
measurements of CK kf were acquired supine, an adjustment factor of
1.333 was applied in order to align values with the published normal range
(acquired prone), the rationale for which has previously been
described;10 hence, all kf values reported throughout the manuscript have
been adjusted using this scaling factor. This has been validated against car-
diac biopsy samples as previously published.2 31P-MRS data were ana-
lysed post hoc using in house automated software within Matlab as
previously described.10,12

Dobutamine stress measurements
Beta-blocker therapy was withheld for a period of 48 h prior to study
visit. Dobutamine was infused via a peripheral venous cannula, at incre-
mental doses between 5 and 40mg/kg/min as necessary to achieve the
target heart rate of 65% maximum (maximum heart rate calculated as
220—age). Cine images were repeated at maximum stress to assess con-
tractile response to stress, as well as exclude any regional wall motion
abnormalities, and stress 31P measurements acquired. Average time of in-
fusion was 24 min.

Echocardiography
Echocardiography was performed on a Philips Epiq (Philips, Netherlands)
system to determine diastolic function; pulse wave velocity was measured
at mitral valve inflow to calculate E/A ratio, and tissue Doppler at lateral
and medial mitral valve annulus to generate E/e0 ratios, as well as the
mean of medial and lateral velocities.

Six-minute walk test
All participants underwent a standardized walking test13 along a 35-m
corridor for 6 min. The total distance achieved was recorded.

Weight loss intervention
The obese volunteers underwent dietary weight loss advice with
telephone/email support from the study team. They adhered to a
calorie-controlled (up to 1500 kcal), low glycaemic index diet for a
median 336 days [interquartile range (IQR) 216–432]. Volunteers
were encouraged to maintain current activity levels during this
timeframe.

Statistical analysis
Statistical analysis was performed using commercial software (SPSS 24,
Chicago, IL, USA). All data are presented as mean ± standard deviation
or median (IQR) where stated. Normality was assessed using a Shapiro–
Wilk test. Parametric (paired and independent two-sided Student’s t-
tests) and non-parametric tests (independent samples Kruskal–Wallis
test; related samples Wilcoxon signed rank test) were used as appropri-
ate. Significance across multiple groups was assess using one-way
ANOVA, with Bonferroni correction. Pearson’s correlation and linear re-
gression were used. P-values of <0.05 were considered as statistically
significant.

870 J.J. Rayner et al.
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Results

Myocardial energetics and dilated
cardiomyopathy
Twenty-six normal weight [body mass index (BMI) 23± 2 kg/m2] vol-
unteers with normal systolic function [LV ejection fraction (LVEF)
62± 5%; CTLNW] and 16 normal weight (BMI 23± 2 kg/m2) partici-
pants with DCM (LVEF 38 ± 6%; DCMNW) were studied.

Myocardial PCr/ATP was lower in DCMNW (1.7± 0.2 vs. 2.2 ± 0.2,
P < 0.001), as expected. Median CK kf was similar between DCMNW

[0.11 (0.17) s-1] and CTLNW [0.13 (0.12) s-1, P = 0.12]. As a result,
median ATP delivery through CK flux was significantly lower in
DCMNW [0.8 (1.0) vs. CTLNW 2.0 (1.6) mmol/g/s, P = 0.004; Figure 1].
In addition, in these normal weight participants, CK flux was corre-
lated with LVEF (r = 0.4, P = 0.015; Figure 1).

The impact of obesity in dilated
cardiomyopathy
Baseline characteristics

The DCMNW cohort was compared with 27 participants with DCM
(LVEF 40 ± 7%) and obesity (BMI 37± 5 kg/m2; DCMOB). The two

groups were well-matched for age (normal weight 59± 16 years,
obese 57± 11 years, P = 0.748), sex (63% male in both groups,
P = 0.976), blood pressure, and fasting total cholesterol (Table 1). As
expected, the obese group had significantly higher baseline body fat
mass (P < 0.001) and circulating triglycerides (P = 0.008) and were sig-
nificantly more insulin resistant, with higher fasting glucose (6.4± 2.2
vs. 5.2 ± 0.6 mmol/L, P = 0.025) and HOMA-IR (8.9 ± 7.5 vs. 3.1± 2.0,
P = 0.002).

The two groups had similar cardiac morphology, with no significant
differences between LV end-diastolic volume, stroke volume, and
ejection fraction (normal weight 38± 6% vs. obese 41 ± 7%,
P = 0.147; Table 1). Left ventricular stroke work was similar between
the groups (normal weight 7.9± 2.5 L mmHg, obese 8.9 ± 2.1
L mmHg; P = 0.242). BNP levels were also similar between the two
groups (21 ± 25 vs. 39 ± 43 mmol/L, P = 0.07).

Pharmacological therapy was also similar between the two DCM
groups, with similar numbers taking angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers (89% in DCMOB, 94% in
DCMNW, P = 0.845) and beta-blockers (69% in DCMNW, 82% in
DCMOB, P = 0.224).

Despite very similar cardiac morphology and pharmacological
therapy, the obese group was more significantly limited in terms of

Figure 1 The relationship between cardiac energetics and left ventricular systolic function in normal weight participants (white circles indicate con-
trols, grey circles dilated cardiomyopathy). CTLNW, normal weight controls, DCMNW, normal weight participants with dilated cardiomyopathy;
LVEF, left ventricular ejection fraction; ns, non-significant; PCr/ATP, phosphocreatine to adenosine triphosphate ratio. *p<0.05; ****p<0.001.

871Obesity cardiomyopathy and myocardial energetics
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.functional capacity on 6-min walk test distance (500± 104 m com-
pared to 574 ± 102 m, P = 0.008).

Effect of obesity on myocardial energetics in dilated

cardiomyopathy

Phosphocreatine/ATP was similarly reduced in DCMOB and
DCMNW groups (1.7± 0.3 vs. 1.7 ± 0.2, P = 0.480). The median CK kf

was significantly higher in DCMOB than DCMNW [0.21 (0.14) vs. 0.11
(0.13) s-1, P < 0.001; Figure 2] and correlated positively with body fat
(r = 0.426 where r is Pearson’s correlation coefficient, P = 0.027). As a
result, median CK flux was higher in DCMOB than in DCMNW [2.0

(1.6) vs. 0.8 (1.0) mmol/g/s, P = 0.002; Figure 2] and also correlated
with fat mass (r = 0.42, P = 0.029; Figure 2).

The effect of increased workload in
dilated cardiomyopathy
Twenty CTLNW, 15 DCMOB, and 7 DCMNW consented to undergo
dobutamine infusion to increase workload. Infusion times and peak
heart rate were similar (CTLNW: 24± 3 min, 113 ± 8 b.p.m., 64± 4%
maximum heart rate; DCMNW: 24± 3 min, 113 ± 8 b.p.m., 64± 4%
maximum heart rate; DCMOB: 24± 3 min, 108 ± 8 b.p.m., 68 ± 7%
maximum heart rate). Left ventricular ejection fraction augmentation

....................................................................................................................................................................................................................

Table 1 Baseline characteristics of the cohorts

CTLNW (n 5 26) DCMNW (n 5 16) DCMOB (n 5 27) P-value

Anthropometrics

Age (years) 47 ± 18 59 ± 16 57 ± 11 0.001a

Male sex, n (%) 9 (35) 10 (63) 17 (63) 0.076

Body mass index (kg/m2) 23 ± 2 23 ± 2 37 ± 5 <0.001b

Systolic blood pressure (mmHg) 123 ± 19 125 ± 25 129 ± 16 0.302

Diastolic blood pressure (mmHg) 74 ± 13 72 ± 18 81 ± 14 0.148

Resting heart rate (b.p.m.) 57 ± 8 63 ± 10 72 ± 15 <0.001a

Metabolic status

Total cholesterol (mmol/L) 4.6 ± 1.0 5.0 ± 1.1 4.8 ± 1.0 0.560

Triglycerides (mmol/L) 1.0 ± 0.5 1.3 ± 0.6 2.1 ± 1.2 0.001b

Fasting glucose (mmol/L) 4.8 ± 0.4 5.2 ± 0.6 6.4 ± 2.2 0.006b

Fasting insulin (mmol/L) 50 ± 25 64 ± 34 142 ± 78 <0.001b

HOMA-IR 2.0 ± 1.0 3.1 ± 2.0 8.9 ± 7.5 <0.001b

BNP (mmol/L) 7 ± 5 39 ± 43 21 ± 25 <0.001a,c

Drug therapy

ACE inhibitor — 13 (81) 17 (65) 0.269

Angiotensin receptor blocker — 2 (13) 7 (26) 0.269

Beta-blocker — 11 (69) 22 (82) 0.224

Aldosterone antagonist — 8 (50) 11 (41) 0.627

Loop diuretic — 6 (38) 11 (41) 0.130

Left ventricle

End-diastolic volume (mL) 145 ± 22 210 ± 47 227 ± 58 <0.001a

End-systolic volume (mL) 55 ± 11 143 ± 61 136 ± 46 <0.001a

Stroke volume (mL) 90 ± 15 86 ± 32 91 ± 20 0.761

Ejection fraction (%) 62 ± 5 38 ± 6 41 ± 7 <0.001a

Mass (g) 98 ± 16 144 ± 41 163 ± 38 <0.001a

LV stroke work (L mmHg) 8.0 ± 1.7 7.9 ± 2.5 8.9 ± 2.1 0.242

Left atrial volume (mL) 56 ± 15 85 ± 33 97 ± 30 <0.001a

Right ventricle

End-diastolic volume (mL) 142 ± 31 137 ± 38 153 ± 36 0.156

End-systolic volume (mL) 51 ± 17 56 ± 28 61 ± 23 0.067

Ejection fraction (%) 65 ± 7 61 ± 12 61 ± 9 0.122

Functional capacity

Six-minute walk test distance (m) 596 ± 31 574 ± 102 500 ± 104 0.011b

ACE, angiotensin-converting enzyme; BNP, beta natriuretic peptide; CTLNW, normal weight controls, DCMNW, normal weight participants with dilated cardiomyopathy;
DCMOB, DCM and obesity; LV, left ventricular. Bold type indicates significant difference.
aSignificant difference between control group and dilated cardiomyopathy groups.
bSignificant difference between normal weight groups and obese group.
cKruskal–Wallis test for non-parametric BNP data.

872 J.J. Rayner et al.
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.was also similar between groups (absolute increase in LVEF CTLNW

17± 6%, DCMOB 16 ± 10%, DCMNW 16 ± 6%, Figure 3).
In CTLNW hearts, increased workload was associated with no

change in PCr/ATP, median CK kf increased 1.9-fold (P < 0.001), and
median CK flux also increased by 60% (P < 0.001; Figure 3).

In contrast, during similar workload, and with similar LVEF aug-
mentation, in DCMNW, heart’s PCr/ATP fell (rest 1.7 ± 0.2 to stress
1.3 ± 0.5, P = 0.034), and there was no increase in either median CK
kf [rest 0.11 (0.18) to stress 0.11 (0.14) s-1, P = 0.93] or CK flux [rest
0.8 (1.1) to stress 0.6(0.8) mmol/g/s, P = 0.99].

However, during similar workload, and again with similar LVEF
augmentation (Figure 3), in DCMOB, heart’s PCr/ATP also fell (from
1.7 ± 0.3 to 1.0 ± 0.2, P < 0.001), with a trend to a reduction in median
CK kf [rest 0.22 (0.12) to stress 0.19 (0.18) s-1, P = 0.11] and a fall in
CK flux [rest 2.0 (1.5) to stress 1.0 (1.2) mmol/g/s, P = 0.016].

The effect of intentional weight loss in
obese dilated cardiomyopathy
During the study period of 11 months [336 days (IQR 216–432)], 8
(30%) DCMOB withdrew from the study (6 device implantation, 2
withdrawal of consent). Of the 19 who completed the intervention,
12 were successful in losing weight, with a mean loss 6 ± 4% body
weight. All individuals were included in the analysis, in an intention-
to-treat model, unless otherwise specified (for results broken down

by success of weight loss intervention, see Supplementary material
online, Table S1). There were no significant changes in pharmacother-
apy in terms of drugs prescribed or doses after the weight loss
intervention.

Cardiovascular effects of successful weight loss

Following the weight loss intervention, there was positive cardiac
remodelling in the DCMOB group, with a significant reduction in LV
cavity size (Graphical abstract). In addition, weight loss was associated
with a significant improvement in LV systolic function (LVEF
þ7 ± 5%, P = 0.002), driven by a greater fall in end-systolic volume
(151± 64 vs. 128± 69 mL, P = 0.008). There was no significant change
in LV stroke volume (93 ± 17 vs. 96 ± 22 mL, P = 0.467), or mean ar-
terial pressure (94 ± 12 vs. 93 ± 9 mmHg, P = 0.977), and calculated
LV stroke work did not change significantly (P = 0.499). Functional
capacity improved without reaching statistical significance (6-min
walk test distance 505 ± 76 to 532 ± 59 m, P = 0.057).

Myocardial energetics and weight loss

In DCMOB, the weight loss intervention resulted in no change in PCr/
ATP (pre 1.7± 0.3, post 1.8± 0.5, P = 0.90), a numerical fall in median
CK kf [pre 0.21 (0.15), post 0.18 (0.15) s-1, P = 0.23], and a 6% fall in
median CK flux [pre 1.6 (1.4), post 1.5 (1.3) mmol/g/s, P = 0.048;
Figure 4].

Figure 2 Comparison of myocardial energetics in obese and normal weight individuals with dilated cardiomyopathy (light grey circles indicate nor-
mal weight dilated cardiomyopathy, dark grey circles obese dilated cardiomyopathy). DCMNW, normal weight participants with dilated cardiomyop-
athy; DCMOB, DCM and obesity; ns, non-significant; PCr/ATP, phosphocreatine to adenosine triphosphate ratio. **p<0.01.

873Obesity cardiomyopathy and myocardial energetics
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..Weight loss and energetics during increased workload

Seven of the DCMOB group consented to repeat dobutamine stress
testing. This showed that following the weight loss intervention, there
were no fall in PCr/ATP during dobutamine stress (rest 1.5 ± 0.4,
stress 1.6 ± 0.2, P = 0.37), an increase in median CK kf [rest 0.18
(0.14), stress 0.22 (0.10) s-1; P = 0.016], and an increase in CK flux
[rest 1.7 (2.5), stress 2.0 (2.3) mmol/g/s, P = 0.016] when comparing
post-intervention results to the same individuals’ results at baseline
(Figure 5).

As a result, the energetic response to increased workload follow-
ing successful weight loss in a small group of individuals is closer to
that seen in obese individuals with normal systolic function5 and sug-
gests that the resting values are now not reflective of the maximum
CK capacity.

Discussion

In this study looking at ATP delivery in heart failure, we have
shown that, while myocardial ATP delivery rate through CK is
reduced in patients with DCM and normal weight and is related to

reduced systolic function, CK flux is higher in obese DCM patients
with a similar degree of LV dysfunction. This is such that CK flux
in obese DCM is similar to normal weight participants with normal
systolic function. This suggests that the DCM heart in obesity is
less energy efficient. In addition, we have shown that, while ATP
delivery rate increases in the normal heart during increased work-
load, the heart in normal weight DCM is unable to do so, and that
ATP delivery even falls in obese DCM hearts. Furthermore, we
show that weight loss is accompanied by LV systolic recovery
alongside reduced ATP delivery rate, suggesting that weight loss
improves myocardial energetic efficiency.

Myocardial energetics in normal weight
heart failure
A final common pathway in heart failure culminating in systolic dys-
function may occur when the energy demand of the myocardium
outstrips supply. In line with this and other previous studies in heart
failure,3 we have shown that ATP delivery through CK is reduced in
DCM, and is correlated to LVEF. This would suggest that reduced
ATP delivery is playing a role in the cardiac dysfunction in DCM.

Figure 3 Cardiac energetics and function during increased workload; a comparison of normal hearts and dilated cardiomyopathy in obese and nor-
mal weight volunteers. CK, creatine kinase; CTLNW, normal weight controls, DCMNW, normal weight participants with dilated cardiomyopathy;
DCMOB, DCM and obesity; LVEF, left ventricular ejection fraction; ns, non-significant; PCr/ATP, phosphocreatine to adenosine triphosphate ratio.
*p<0.05; ***p<0.005; ****p<0.001.
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..However, in contrast to this, despite similar LVEF and stroke
work, ATP delivery through CK in DCMOB was elevated, and similar
to normal hearts at rest. This would suggest that the DCMOB heart is
less energy efficient, demanding more ATP to deliver the same stroke
work. It could be inferred that it is myocardial inefficiency driving sys-
tolic dysfunction in DCMOB, with resting ATP demand already
exceeding maximal ATP delivery.

This would be in keeping with the known pathophysiology of the
insulin-resistant14 obese heart. Across animal15 and human studies,16

obesity consistently causes increased fatty acid availability, uptake and
utilization, resulting in reduced myocardial efficiency (cardiac work
per myocardial oxygen consumption). In addition, over time, a mis-
match between uptake and oxidation leads to the accumulation of
fatty acid intermediates,17 increased reactive oxygen species gener-
ation, and oxidative stress, which cause cardiomyocyte apoptosis and
impairment of cardiac function.

On the other hand, in severe obesity, increased expression of
mitochondrial uncoupling proteins18 reduces efficiency within the
electron transport chain and eventually a fall in production of ATP it-
self. It seems that in this cohort with moderate LV impairment, rest-
ing ATP production is maintained, perhaps preceding a transition to
impaired ATP generation in more severe disease.

When put together with this study showing resting ATP delivery
rate is higher in DCMOB than in DCMNW, it is likely that obesity car-
diomyopathy is characterized by maintained ATP delivery but
reduced efficiency through substrate selection, while in DCMNW,

ATP supply is reduced.

The impact of stress on myocardial
energetics in heart failure
When the workload of the normal heart is increased through cardiac
pacing, the healthy myocardium increases glucose utilization,19 oxy-
gen consumption, and myocardial respiratory quotient, consistent
with relatively increased carbohydrate oxidation. However, in heart
failure, during cardiac pacing this substrate flexibility has been shown

to be impaired.20 As substrate selection is linked to ATP production,
this may explain our observations here.

Normally, the capacity of the myocardium to continually generate
energy through oxidative phosphorylation greatly exceeds demand,
as is seen in the normal heart where PCr/ATP is not compromised
with moderate increases in workload.5 In this study, we observed
that PCr/ATP remains stable and ATP delivery increases in the
CTLNW heart during stress. However, in both normal weight and
obese heart failure groups, PCr/ATP fell with dobutamine stress, and
CK flux remains static or falls, in DCMNW and DCMOM hearts, re-
spectively. This suggests that myocardial ATP consumption outstrips
supply, and the ability of CK to act as a temporal and spatial buffer for
ATP is exceeded. As both DCMNW and DCMOB hearts are likely to
be insulin resistant, heavily reliant on fatty acid oxidation at rest and
having limited ability to alter substrate selection in response to de-
mand, this may underlie the energetic changes seen here.

The more profound fall in stress ATP delivery in DCMOB as com-
pared to DCMNW may be related to the induction of mitochondrial
uncoupling proteins,18 limiting the rate of ATP production to a
greater extent in obesity than normal weight, with stress unmasking
the deficit.

The impact of weight loss in heart failure
As DCMOB were characterized by preserved resting ATP delivery
through CK flux, which was not different to CTLNW hearts, this sug-
gests reduced myocardial efficiency in terms of work delivered per
unit of energy. We have shown here that successful intentional
weight loss in DCMOB is accompanied by positive remodelling with
reduced LV mass and reduced LV cavity size. In addition, LVEF was
significantly improved, but interestingly ATP delivery rate through
CK flux fell. This would suggest that myocardial efficiency was
improved, and that this may contribute to improved systolic function.
While LV stroke work did not change, the reduction in LV volumes
indicates that LV wall stress would similarly reduce, as LV function is
shifted to a more favourable position on the Frank–Starling curve.

Figure 4 The effect of weight loss on left ventricular systolic function and myocardial adenosine triphosphate delivery rate. LVEF, left ventricular
ejection fraction. *p<0.05; **p<0.01.

875Obesity cardiomyopathy and myocardial energetics



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
This may also explain why energy demands on the myocardium fell in
response to weight loss.

Albeit with small numbers and requiring validation, the return of
stability of PCr/ATP and increase in ATP delivery through CK after
weight loss to a pattern that is reflective of the normal heart, rather
than the DCMNW heart, is an interesting observation. This, as well as
the observation that myocardial contractility improves with weight
loss, would argue for the existence of a distinct obesity cardiomyop-
athy, where obesity drives altered myocardial energetics and cardiac
dysfunction, and not merely the existence of an underlying DCM that
is exacerbated by obesity.

The obesity paradox
Despite the fact that obesity is a key risk factor for developing heart
failure,21–23 there exists a paradoxical relationship between survival
in established heart failure and BMI.24 This suggests that increasing
body size is associated with improved prognosis. Given the numer-
ous physiological challenges invoked by increasing body fat mass
and its metabolic complications, this is surprising and rather
counterintuitive.

A number of potential explanations for this phenomenon exist,25

including statistical bias on a population level and earlier presentation
in obese individuals. However, one hypothesis is that there is a pro-
tective physiological process in obesity, which is beneficial in heart
failure. This study raises the noteworthy question of whether the dif-
ferent energetic basis of heart failure in obesity seen in this study con-
fers a favourable energetic state and a physiological basis for the
obesity paradox, and this is worthy of further investigation.

Future directions
The management of obesity in the context of heart failure is a highly
relevant problem in current clinical practice, and yet there is a paucity
of quality evidence in the field. It is therefore not surprising that cur-
rent clinical guidelines give no specific recommendations.26,27 Given
the existence of the obesity paradox, it is crucial that randomized
prospective clinical studies of the management of obesity in heart fail-
ure, as well as any specific pathophysiological features of the condi-
tion such as have been elucidated in this study, are prioritized to
tailor appropriate and effective management to this significant pro-
portion of patients.

Limitations
While the clinical syndromes of heart failure and obesity affect mil-
lions of patients worldwide, we acknowledge that the technical com-
plexity of the methods in this paper means that the cohorts recruited
are both carefully selected and relatively small. Participants with car-
diac devices were excluded; hence, the majority of participants had
moderate rather than more severe heart failure. In addition, there
was a degree of drop-out due to device implantation in keeping with
expectations.

Weight loss, particularly in combination with heart failure, is dif-
ficult, and while only two-third of the obese cohort were success-
ful in body fat reduction, we feel that this was in keeping with
other studies even in the absence of heart failure. In addition, the
clear impact on LV function even with a small sample size would
suggest that it is a true reflection of the importance of weight
management.

These results, particularly of the stress energetic response follow-
ing weight loss, need to be borne out in larger scale trials, to establish
the feasibility of targeting metabolic treatments to this patient group.

Conclusions

Myocardial ATP delivery rate through CK flux is reduced in normal
weight individuals with DCM and is related to reduced systolic func-
tion. Despite similarly reduced systolic function, ATP delivery is
higher in obese DCM and similar to healthy individuals, suggesting
that a cause of dysfunction is reduced efficiency of energy utilization.
Successful weight loss is accompanied by systolic recovery alongside
reduced ATP delivery rate, suggesting that weight loss can improve
myocardial energetic efficiency. Overall, this study supports the exist-
ence of a distinct obesity cardiomyopathy, that is characterized by
reduced myocardial efficiency but maintained ATP delivery. It also
highlights the importance of weight loss as a potential therapeutic
intervention in patients with obesity and heart failure.

Supplementary material

Supplementary material is available at European Heart Journal online.

Figure 5 The effect of weight loss on stress cardiac energetics in obese patients with dilated cardiomyopathy. CK, creatine kinase; ns, non-signifi-
cant; PCr/ATP, phosphocreatine to adenosine triphosphate ratio. **p<0.01.

876 J.J. Rayner et al.

https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab663#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.Funding
This work was supported by a Sir Henry Dale Fellowship from the
Wellcome Trust and the Royal Society (098436/Z/12/B awarded to
C.T.R.) and a British Heart Foundation Clinical Research Training
Fellowship (FS/14/54/30946 awarded to J.J.R.).

Conflict of interest: none declared.

Data availability
All data available upon reasonable request to the corresponding author.

References
1. Neubauer S, Horn M, Cramer M, Harre K, Newell JB, Peters W, Pabst T, Ertl G,

Hahn D, Ingwall JS, Kochsiek K. Myocardial phosphocreatine-to-ATP ratio is a
predictor of mortality in patients with dilated cardiomyopathy. Circulation 1997;
96:2190–2196.

2. Peterzan MA, Clarke WT, Lygate CA, Lake HA, Lau JYC, Miller JJ, Johnson E,
Rayner JJ, Hundertmark MJ, Sayeed R, Petrou M, Krasopoulos G, Srivastava V,
Neubauer S, Rodgers CT, Rider OJ. Cardiac energetics in patients with aortic
stenosis and preserved versus reduced ejection fraction. Circulation 2020;141:
1971–1985.

3. Bottomley PA, Panjrath GS, Lai S, Hirsch GA, Wu K, Najjar SS, Steinberg A,
Gerstenblith G, Weiss RG. Metabolic rates of ATP transfer through creatine kin-
ase (CK flux) predict clinical heart failure events and death. Sci Transl Med 2013;
5:215re3.

4. Rider OJ, Francis JM, Ali MK, Holloway C, Pegg T, Robson MD, Tyler D, Byrne J,
Clarke K, Neubauer S. Effects of catecholamine stress on diastolic function and
myocardial energetics in obesity. Circulation 2012;125:1511–1519.

5. Rayner JJ, Peterzan MA, Watson WD, Clarke WT, Neubauer S, Rodgers CT,
Rider OJ. Myocardial energetics in obesity: enhanced ATP delivery through cre-
atine kinase with blunted stress response. Circulation 2020;141:1152–1163.

6. Rider OJ, Francis JM, Ali MK, Petersen SE, Robinson M, Robson MD, Byrne JP,
Clarke K, Neubauer S. Beneficial cardiovascular effects of bariatric surgical and
dietary weight loss in obesity. J Am Coll Cardiol 2009;54:718–726.

7. Rayner JJ, Banerjee R, Francis JM, Shah R, Murthy VL, Byrne J, Neubauer S, Rider
OJ. Normalization of visceral fat and complete reversal of cardiovascular remod-
eling accompany gastric bypass, not banding. J Am Coll Cardiol 2015;66:
2569–2570.

8. Rayner JJ, Abdesselam I, Peterzan MA, Akoumianakis I, Akawi N, Antoniades C,
Tomlinson JW, Neubauer S, Rider OJ. Very low calorie diets are associated with
transient ventricular impairment before reversal of diastolic dysfunction in obes-
ity. Int J Obes (Lond) 2019;43:2536–2544.

9. Schar M, El-Sharkawy AM, Weiss RG, Bottomley PA. Triple repetition time sat-
uration transfer (TRiST) 31P spectroscopy for measuring human creatine kinase
reaction kinetics. Magn Reson Med 2010;63:1493–1501.

10. Clarke WT, Peterzan MA, Rayner JJ, Sayeed RA, Petrou M, Krasopoulos G, Lake
HA, Raman B, Watson WD, Cox P, Hundertmark MJ, Apps AP, Lygate CA,
Neubauer S, Rider OJ, Rodgers CT. Localized rest and stress human cardiac cre-
atine kinase reaction kinetics at 3 T. NMR Biomed 2019;32:e4085.

11. Weiss RG, Gerstenblith G, Bottomley PA. ATP flux through creatine kinase in
the normal, stressed, and failing human heart. Proc Natl Acad Sci U S A 2005;102:
808–813.

12. Purvis LAB, Clarke WT, Biasiolli L, Valkovic L, Robson MD, Rodgers CT. OXSA:
an open-source magnetic resonance spectroscopy analysis toolbox in MATLAB.
PLoS One 2017;12:e0185356.

13. Holland AE, Spruit MA, Troosters T, Puhan MA, Pepin V, Saey D, McCormack
MC, Carlin BW, Sciurba FC, Pitta F, Wanger J, MacIntyre N, Kaminsky DA,
Culver BH, Revill SM, Hernandes NA, Andrianopoulos V, Camillo CA, Mitchell
KE, Lee AL, Hill CJ, Singh SJ. An official European Respiratory Society/American

Thoracic Society technical standard: field walking tests in chronic respiratory dis-
ease. Eur Respir J 2014;44:1428–1446.

14. Rayner JJ, Banerjee R, Holloway CJ, Lewis AJM, Peterzan MA, Francis JM, Neubauer
S, Rider OJ. The relative contribution of metabolic and structural abnormalities to
diastolic dysfunction in obesity. Int J Obes (Lond) 2018;42:441–447.

15. Zhou YT, Grayburn P, Karim A, Shimabukuro M, Higa M, Baetens D, Orci L,
Unger RH. Lipotoxic heart disease in obese rats: implications for human obesity.
Proc Natl Acad Sci U S A 2000;97:1784–1789.

16. Peterson LR, Herrero P, Schechtman KB, Racette SB, Waggoner AD, Kisrieva-
Ware Z, Dence C, Klein S, Marsala J, Meyer T, Gropler RJ. Effect of obesity and
insulin resistance on myocardial substrate metabolism and efficiency in young
women. Circulation 2004;109:2191–2196.

17. Banerjee R, Rial B, Holloway CJ, Lewandowski AJ, Robson MD,
Osuchukwu C, Schneider JE, Leeson P, Rider OJ, Neubauer S. Evidence of
a direct effect of myocardial steatosis on LV hypertrophy and diastolic
dysfunction in adult and adolescent obesity. JACC Cardiovasc Imaging 2015;
8:1468–1470.

18. Ruiz-Ramirez A, Lopez-Acosta O, Barrios-Maya MA, El-Hafidi M. Cell death and
heart failure in obesity: role of uncoupling proteins. Oxid Med Cell Longev 2016;
2016:9340654.

19. Camici P, Marraccini P, Marzilli M, Lorenzoni R, Buzzigoli G, Puntoni R, Boni C,
Bellina CR, Klassen GA, L’Abbate A. Coronary hemodynamics and myocardial
metabolism during and after pacing stress in normal humans. Am J Physiol 1989;
257:E309–E317.

20. Neglia D, De Caterina A, Marraccini P, Natali A, Ciardetti M, Vecoli C,
Gastaldelli A, Ciociaro D, Pellegrini P, Testa R, Menichetti L, L’Abbate A, Stanley
WC, Recchia FA. Impaired myocardial metabolic reserve and substrate selection
flexibility during stress in patients with idiopathic dilated cardiomyopathy. Am J
Physiol Heart Circ Physiol 2007;293:H3270–H3278.

21. Hubert HB, Feinleib M, McNamara PM, Castelli WP. Obesity as an independent
risk factor for cardiovascular disease: a 26-year follow-up of participants in the
Framingham Heart Study. Circulation 1983;67:968–977.

22. Kenchaiah S, Evans JC, Levy D, Wilson PW, Benjamin EJ, Larson MG, Kannel
WB, Vasan RS. Obesity and the risk of heart failure. N Engl J Med 2002;347:
305–313.

23. Ho JE, Enserro D, Brouwers FP, Kizer JR, Shah SJ, Psaty BM, Bartz TM,
Santhanakrishnan R, Lee DS, Chan C, Liu K, Blaha MJ, Hillege HL, van der Harst
P, van Gilst WH, Kop WJ, Gansevoort RT, Vasan RS, Gardin JM, Levy D,
Gottdiener JS, de Boer RA, Larson MG. Predicting heart failure with preserved
and reduced ejection fraction: the international collaboration on heart failure
subtypes. Circ Heart Fail 2016;9:e003116.

24. Oreopoulos A, Padwal R, Kalantar-Zadeh K, Fonarow GC, Norris CM, McAlister
FA. Body mass index and mortality in heart failure: a meta-analysis. Am Heart J
2008;156:13–22.

25. Lavie CJ, Alpert MA, Arena R, Mehra MR, Milani RV, Ventura HO. Impact of
obesity and the obesity paradox on prevalence and prognosis in heart failure.
JACC Heart Fail 2013;1:93–102.

26. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, Falk V,
Gonzalez-Juanatey JR, Harjola VP, Jankowska EA, Jessup M, Linde C,
Nihoyannopoulos P, Parissis JT, Pieske B, Riley JP, Rosano GMC, Ruilope LM,
Ruschitzka F, Rutten FH, van der Meer P; ESC Scientific Document Group. 2016
ESC Guidelines for the diagnosis and treatment of acute and chronic heart fail-
ure: the Task Force for the diagnosis and treatment of acute and chronic heart
failure of the European Society of Cardiology (ESC). Developed with the special
contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J
2016;37:2129–2200.

27. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Drazner MH, Fonarow
GC, Geraci SA, Horwich T, Januzzi JL, Johnson MR, Kasper EK, Levy WC,
Masoudi FA, McBride PE, McMurray JJ, Mitchell JE, Peterson PN, Riegel B, Sam F,
Stevenson LW, Tang WH, Tsai EJ, Wilkoff BL. 2013 ACCF/AHA guideline for
the management of heart failure: executive summary: a report of the American
College of Cardiology Foundation/American Heart Association Task Force on
practice guidelines. Circulation 2013;128:1810–1852.

877Obesity cardiomyopathy and myocardial energetics


	tblfn1
	tblfn2
	tblfn3
	tblfn4



