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Resting cardiac energy metabolism is inversely
associated with heart rate in healthy young adult men
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Background 31-Phosphorus-magnetic resonance spectroscopy may provide pathophysiological insights into the high-
energy phosphate metabolism of the myocardium as measured by phosphocreatine to adenosine triphosphate (PCr/ATP) ratio.
Aim of the present study was to determine in vivo the relation between cardiac PCr/ATP ratio and heart rate in normal male
subjects.

Methods One hundred twelve apparently healthy, young male individuals (age 34 ± 10 years) were prospectively
evaluated. They underwent cardiac cine magnetic resonance imaging to assess left ventricular (LV) function and morphology
and 3D-ISIS 31P-magnetic resonance spectroscopy of the LV to assess the PCr/ATP ratio (a recognized in vivo marker of
myocardial energy metabolism). Data were analyzed after segregation by tertiles of the resting PCr/ATP ratio.

Results A significant inverse association between PCr/ATP ratios and resting heart rate was observed (Spearman ρ: r=−0.37;
P b .0001). PCr/ATP ratios were also inversely associated with body mass index, diastolic blood pressure, wall mass and with
insulin resistance, but in multiple regression analysis heart rate was found to be independently related to PCr/ATP.

Conclusions The present study shows that resting heart rate is proportionally lower across tertiles of increasing PCr/ATP
ratio of the LV in apparently healthy young male individuals, supporting the hypothesis that heart rate is a major determinant of
cardiac energy stores. These findings may explain the prognostic role of heart rate in the general population as evidenced by
previous large epidemiological studies. (Am Heart J 2011;162:136-41.)
There has been recently increasing interest in heart rate
as a risk factor for cardiovascular disease. An elevated
resting and post-exercise heart rate has been shown to be
an independent predictor of cardiovascular morbidity
and mortality1-3 and is associated with a greater incidence
of sudden cardiac death.4-5 High heart rate may indicate
sympathetic nervous system activation6 which, in the
long-term, may contribute to the build-up of metabolic
risk factors for cardiovascular disease.7 Additionally, high
sympathetic tone is known to interfere in cardiac
substrate utilization,8 mainly by peripheral catechol-
amine-induced release of free fatty acids (FFA) 9 and
increased myocardial oxidative stress.10 Therefore, in-
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creased heart rate may be just a marker of a complex
pathophysiological process.11

In normal myocardium, the concentrations of the high
energy phosphate compounds adenosine triphosphate
(ATP) and phosphocreatine (PCr) are tightly controlled
over a range of performance because ATP production by
mitochondrial oxidative phosphorylation is closely
coupled to ATP utilization by cytosolic adenosine triphos-
phatases.12 Adenosine triphosphate is the direct energy
source for energy-consuming reactions in the cell, whereas
PCr acts as an energy storage compound and, in addition, as
an energy transport molecule in the “creatine kinase-PCr
energy shuttle.”13 Previous clinical studies using phospho-
rus-31 magnetic resonance spectroscopy (31P-MRS) to
measure PCr/ATP ratios in human myocardium have
shown that this ratio is reduced in hypertrophied and,
even more so, in failing human myocardium.14-21

The aim of this studywas to assess the link between basal
heart rate and myocardial metabolism in normal subjects.
Methods
Patients
One hundred twelve consecutive normal volunteers (age 34 ±

10 years) were recruited within the outpatient services of the
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Center of Nutrition/Metabolism of the San Raffaele Scientific
Institute. All study subjects were apparently healthy, with no
previous history of diabetes, hypertension, dyslipidaemias,
vascular events, dilated cardiomyopathy, pathological ejection
fraction, and resting electrocardiographic (ECG) markers of
cardiac ischemia and no features compatible with the NYHA
classes for heart failure. They were not taking any medications.
Habitual physical activity was established in all study subjects
with a questionnaire based on 3 components: physical activity
index (PAI) at work, sport during leisure time, and physical
activity during leisure time excluding sports, as we have
previously reported.22 Recruited subjects gave their informed
written consent after explanation of purpose, nature and
potential risks of the study. The protocol was approved by the
ethics committee of the Istituto Scientifico San Raffaele.

Experimental procedures
Subjects were instructed to consume an isocaloric diet and to

abstain from heavy exercise activity for 3 days before the
magnetic resonance imaging (MRI)-MRS studies. All volunteers
underwent the protocol at 7:30 to 9:30 AM onWednesdays in the
resting state after a 10 hours overnight fasting period.

Cardiac 31P-MRS
Cardiac 31P-MRS was performed at rest using a 1.5 T whole-

body scanner (Gyroscan Intera Master 1.5 MR System; Philips
Medical Systems, Best, The Netherlands). 31P spectra were
obtained by means of a 10-cm-diameter surface coil used for
transmission and detection of radio frequency signals at the
resonance frequency of 31P (at 1.5 T, 25.85 MHz) as previously
described.22-24 Briefly, after appropriate positioning of the
surface coil on the chest, localized homogeneity adjustment
was performed using the body coil and ECG-triggering by
optimizing the 1H-MRS water signal. Afterwards, the transmitter-
receiver was switched without time delay to the 31P frequency
and manual tuning, and matching of the 31P surface coil was
performed to adjust for different coil loading. The radio
frequency level was adjusted to obtain a 180° pulse of 40 ms
for the reference sample at the centre of the 31P-surface coil. The
acquisition of 31P-MR spectra was triggered to the R-wave of the
ECG, with a trigger delay time of 200 milliseconds and a recycle
time of 3.6 seconds. Image selected in-vivo spectroscopy (ISIS)
volume selection in three dimensions (3D-ISIS) based on 192
averaged free induction decays was employed. The volume of
interest was oriented avoiding inclusion of chest wall muscle
and diaphragm muscle (typical volume size: 5 [caudo-cranial] ×
6 × 6 cm3). Acquisition time was 10 minutes. Adiabatic
frequency-modulated hyperbolic secant pulses and adiabatic
half-passage detection pulses were used to achieve inversion
and excitation over the entire volume of interest. Examination
time was 40–45 minutes.

Cardiac MRI
MRI studies were performed with the above described

scanner using an enhanced gradient system with a maximum
gradient strength of 30 mT/m and a maximum gradient slew rate
of 150 mT m−1 s−1. The Cardiac Research software patch
(operating system 9) was used. The examination was performed
using a five-element cardiac phased-array coil, and retrospective
ECG-triggering was obtained with vectorcardiogram system and
using standard MRI methodology as previously described.22-24

31P-MRS analysis
31P-MR spectra were transferred to a remote SUN-SPARC

workstation for analysis. The spectra were quantified automat-
ically in the time domain, using Fitmasters. The ATP level was
corrected for the ATP contribution from blood in the cardiac
chambers based on a previous study.15 Depending on the
repetition time (TR), phosphocreatine/ATP (PCr/ATP) ratios
had to be corrected for partial saturation effects, and T1-values
obtained from inversion recovery experiments on the human
left ventricle (LV) were used. Based on these data and a TR of 3.6
seconds, a saturation correction factor of 1.35 was obtained and
applied to all “blood corrected”myocardial PCr/ATP ratios.25 An
estimate of the signal-to-noise ratio of each spectrum was
obtained from the relative Cramer-Rao SD calculated for the
PCr/ATP, which is a commonly reported index of accuracy of
the spectral quantification.26

MRI analysis
Image analysis was performed using an image-processing

workstation (EasyVision; Philips Medical Systems) by using the
cardiac analysis software package as previously described.22-24

Analytical determinations
Glucose concentration was measured with the glucose

oxidase method (Beckman Coulter, Fullerton, CA). Triglycer-
ides, total cholesterol, and high-density lipoprotein cholesterol
(HDL-C) were measured as previously described.22-24 Plasma
insulin (intra-assay and inter-assay coefficient of variation b3%
and 6%, respectively; cross-reactivity with C-peptide and
proinsulin b1%) was measured with radioimmunoassay (Linco
Research, St Charles, MO).22-24 We estimated insulin resistance
(homeostatic model assessment [HOMA-IR]) as previously
described.27 Heart rate was assessed continuously in an
automated fashion during the entire period of the cine MRI
acquisition, and the cardiac analysis software package delivered
the average values: the final heart rate value was obtained on a
20-minute time period during which the study was acquired. To
standardize the procedure, all patients were left supine in the
resting position under the coil for 10 minutes before starting the
study acquisition.

Statistical analysis
Data in text, tables, and figures are mean ± SD. Analysis was

performed using the SPSS software (version 13.0; SPSS Inc,
Chicago, IL). One-way analysis of variance (ANOVA) or Kruskal-
Wallis non-parametric test were used to compare variables
between tertiles of PCr/ATP ratio depending on the distribution
of the data. Bonferroni post hoc test was used. Statistical
significance was defined as a P b .05. The relationship between
PCr/ATP ratio and the anthropometric, clinical, and laboratory
features and LV morphologic and functional parameters were
examined by two-tailed Person's correlation coefficients; also, in
this case, nonparametric correlation coefficient was obtained
using Spearman's ρ when appropriate. To ascertain how
important was the relative contribution of anthropometric,
clinical, and laboratory features and of LV morphologic and
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Table I. Anthropometric, clinical and laboratory features of study
subjects by tertiles of PCr to ATP ratio

Tertile I Tertile II Tertile III

PCr/ATP 1.55 ± 0.18
range: 1.08-1.79

2.03 ± 0.13
range: 1.80-2.23

2.49 ± 0.24
range: 2.24-3.15

Age (years) 33 ± 7 34 ± 10 34 ± 12
Weight (kg) 82 ± 15⁎ 78 ± 10 72 ± 9
Height (cm) 176 ± 7 178 ± 6 176 ± 7
BMI (kg/m2) 26.3 ± 4.4⁎ 24.8 ± 3.5 23.5 ± 2.8
PAI 7.9 ± 1.4 8.1 ± 1.7 8.5 ± 1.5
Systolic BP
(mm Hg)

123 ± 10 124 ± 8 123 ± 9

Diastolic BP
(mm Hg)

83 ± 7⁎ 83 ± 8 77 ± 8

Total cholesterol
(mg/dL)

186 ± 36 203 ± 48 182 ± 34

HDL-C
(mg/dL)

50 ± 13 60 ± 15 56 ± 13

Triglycerides
(mg/dL)

120 ± 115 100 ± 84 85 ± 40

Glucose
(mmol/L)

5.1 ± 0.5⁎ 5.1 ± 0.4⁎ 4.8 ± 0.5

Insulin (μU/mL) 14.5 ± 5.9 13.7 ± 4.3 11.6 ± 6.7
HOMA-IR 3.3 ± 1.2⁎ 3.2 ± 1.1 2.5 ± 1.3
FFA (mmol/L) 0.59 ± 0.21 0.58 ± 0.21 0.61 ± 0.22
Creatinine
(mg/dL)

1.13 ± 0.78 0.97 ± 0.48 0.97 ± 0.23

Data are shown as mean ± 1SD.
BP, Blood pressure.
⁎ P b .05 versus tertile III (one-way ANOVA and Bonferroni post hoc or Kruskal-Wallis
non-parametric test).

Figure 1

Tertiles of PCr/ATP ratio and heart rate. Spearman ρ −0.37; P =
.0001. Data are means ± 95% CI.
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functional parameters in predicting PCr/ATP ratio, we used
stepwise regression analysis (using F ratio-to-remove of 4 and F
ratio-to-enter of 3.996).

Source of funding used to support the research
Thisworkwas supportedby a liberal donation byAngelaMusazzi

and Mario Stellato Family. Support by the European Federation
for the Study of Diabetes is also gratefully acknowledged.

The authors are solely responsible for the design and conduct
of this study, all study analyses, the drafting and editing of the
manuscript, and its final contents.
Results
LV PCr/ATP ratio
Study subjects were segregated in subgroups by tertiles

of PCr/ATP ratio. The cut-offs were≤1.79 (tertile I), N1.79
and ≤2.23 (tertile II), and N2.24 (tertile III). The accuracy
was excellent: the mean relative Cramer-Rao SD was not
different among tertiles (17% ± 7%, 16% ± 5%, and 17% ±
7% in tertiles I, II, and III respectively; P = .79). In our
setting, the intra-examination coefficient of variation
(assessed by studying subjects twice and consecutively
on the same session without changing the position of the
surface coil) is 6% ± 3%. Inter-examination coefficient of
variation assessed during the same temporal period
(studied by performing the acquisition in 2 separate
occasions, with a time interval of 7 to 19 days with no
efforts to minimize variability) was 13% ± 4%.
Anthropometric and biochemical characteristics of
study groups

The anthropometric, clinical, and biochemical features
of the individuals within the three tertiles of PCr/ATP
ratio are summarized in Table I. Age was not different;
meanwhile, body weight and the body mass index (BMI)
were higher in the subgroup with the lowest PCr/ATP
ratio (tertile I) when compared to the subgroup with the
highest PCr/ATP ratio (tertile III). The PAI showed a trend
to be different by tertiles of PCr/ATP ratio (7.9 ± 1.4 in
tertile I, 8.1 ± 1.7 in tertile II and 8.5 ± 1.5 in tertile III;
1-way ANOVA P = .081), and a trend was observed also in
the correlation analysis between heart rate and PAI (r =
−0.18; P = .067). Systolic blood pressure was within the
reference range and was not different among tertiles; in
contrast, diastolic blood pressure was higher in tertile I
when compared to tertile III. Total cholesterol, HDL-C,
and triglycerides were not different between tertiles.
Fasting plasma glucose was higher in tertiles I and II
when compared to tertile III; meanwhile, fasting plasma
insulin was not different between tertiles even if a trend
could be detected (Kruskal-Wallis test; P = .08). As a
consequence HOMA-IR, as the product of fasting plasma
glucose and insulin concentrations, resulted to be
significantly different and higher in tertile I when



Table II. Parameters of LV morphology, systolic and diastolic function and heart rate of study subjects by tertiles of PCr to ATP ratio

Tertile I Tertile II Tertile III One-way ANOVA (P)

PCr/ATP 1.55 ± 0.18
range: 1.08-1.7

2.03 ± 0.13
range: 1.80-2.23

2.49 ± 0.24
range: 2.24-3.15

EDV (mL) 147 ± 25 147 ± 31 147 ± 24 .97
ESV (mL) 58 ± 14 57 ± 18 57 ± 13 .99
EDWM (g) 154 ± 27 149 ± 26 140 ± 21 .05
SV (mL) 88 ± 16 90 ± 17 90 ± 14 .86
EF (%) 61 ± 6 62 ± 6 62 ± 4 .84
CO (L/min) 5.6 ± 1.5 5.5 ± 1.2 4.9 ± 1.0 .087
E-peak filling rate (ml/s) 469 ± 83 472 ± 111 490 ± 86 .61
A-peak filling rate (mL/s) 229 ± 67 230 ± 56 213 ± 72 .47
E/A 2.2 ± 0.6 2.1 ± 0.7 2.6 ± 0.9 .082
DT (milliseconds) 181 ± 34 188 ± 34 192 ± 33 .41
HR (beat/min) 65 ± 9⁎ 62 ± 12⁎ 56 ± 11 .002

Data are shown as mean ± 1SD. Boldface indicates statistically significant.
EDV/ESV; End-diastolic/systolic volume; SV; stroke volume; EF; ejection fraction; CO; cardiac output; E/A; early/atrial transmitral flow; DT; deceleration time; HR; heart rate.
⁎ P b .05 versus tertile III.

Table III. Results of the multiple regression analysis between
PCr/ATP ratio and anthropometric, clinical and metabolic features

PCr/ATP ratio Variable r β P

Stepwise multiple regression analysis (including BMI, diastolic BP, HOMA-
IR, EDWM and HR)

Step 1 Heart rate 0.33 −0.333 .004
Excluded variables BMI −0.134 .24

Diastolic BP −0.133 .27
EDWM 0.041 .73

HOMA-IR −0.11 .36

The selected variables were those associated with PCr/ATP ratio in correlation
analysis; Spearman ρ P b .05).
HR, Heart rate.
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compared to tertile III. Fasting serum FFA and creatinine
concentrations were not different between tertiles.

Left ventricular anatomical features
Morphological parameters of the LV are shown in Table

II. Even if no subjects were characterized by a
pathological LV mass, the end-diastolic wall mass
(EDWM) was higher in the tertile I when compared to
tertile III in parallel with the higher BMI. Left ventricular
volumes assessed either in the end-diastolic and end-
systolic phases were not different between tertiles.

Left ventricular function
Systolic function. Parameters of systolic function

were not different among tertiles, as summarized in Table
II. Ejection fraction, stroke volume, and cardiac output
were not different between tertiles of PCr/ATP ratios.

Diastolic function. Parameters of diastolic function
are also shown in Table II. No differences were detected
between tertiles of PCr/ATP ratio in terms of early and
atrial peak filling rates, early/atrial transmitral peak flow
rate ratio, and E deceleration time.

Heart rate
The heart rate was measured in the fasting and resting

state during the acquisition of cine-MRI and was different
between tertiles of PCr/ATP ratio (Table II); it resulted to
be higher in the tertiles I and II when compared to tertile
III.

Correlation analysis
Anthropometric and biochemical features. PCr/

ATP ratio was associated with BMI (r = −0.25; P = .008),
diastolic blood pressure (r = −0.27; P = .014), fasting
plasma glucose (r = −0.26; P = .029), and HOMA-IR
(r = −0.25; P = .034).
LV morphologic and functional features. PCr/ATP
ratio was associated with EDWM (r = 0.23; P = .017) and
heart rate (r = −0.37; P b .0001) (Figure 1).

Stepwise multiple regression analysis. Stepwise
regression analysis including the variables significantly
associated with the PCr/ATP ratio in the correlation
analysis (BMI, diastolic blood pressure, HOMA-IR, EDWM,
heart rate) was performed; the analysis selected only the
heart rate as independent predictor of PCr/ATP ratio as
first step (Table III). Forcing the PAI in the stepwise
multiple regression analysis, this was not selected as an
independent variable.
Discussion
The results of this study show an inverse correlation

between heart rate and resting myocardial high energy
phosphates intracellular levels in apparently healthy
young male adults. This observation could explain one
of the possible mechanisms by which heart rate plays a
major role as a cardiovascular risk factor in health and
pathological conditions. Large epidemiological studies
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have provided a solid body of evidence showing that
heart rate is a risk factor in the general population and an
independent predictor of cardiovascular mortality in
cardiac patients, suggesting that its modification could
potentially be beneficial. In fact, apart from the estab-
lished prognostic role of heart rate in hypertensive
patients,28 in patients with coronary disease4 and heart
failure,29 several studies have evidenced a progressive
increase in all-cause mortality in relation to heart rate also
in normal subjects.30-31 In fact, because resting myocar-
dial high energy phosphate intracellular levels are a
marker of cellular energy reserve, their progressive
reduction could become particularly significant in the
context of manifest cardiac disease.
With respect to other variables known to have an

impact on LV PCr/ATP ratio, we put efforts in character-
izing the metabolic features of the subjects of our study
group because we have previously demonstrated that
systemic metabolic parameters were associated with LV
energy metabolism. Whole-body insulin resistance in
obese individuals22 and visceral obesity in patients with
fatty liver23 were found to be associated with reduced
PCr/ATP ratio. We also measured the LVmass because we
have previously reported higher LV PCr/ATP ratio in elite
athletes when compared to sedentary individuals in
association with exercise-induced LV hypertrophy.32,33

In this set of data, we confirm that these metabolic and
morphologic features are associated with the PCr/ATP
ratio; nevertheless, when taken into account in the
multivariate analysis, heart rate retained its independent
association with cardiac energy metabolism (Table III).
Of note, other important factors were under control in
our set of data, such as the lipid profile and kidney
function, and no association with resting cardiac
metabolism was found.
We also want to emphasize that the inspection of our

data showed that in this group of subjects without
structural heart disease, the measured PCr/ATP ratios
were in the range we had previously reported in patients
with overt cardiomyopathies; this is the case for in-
dividuals within tertile I (average PCr/ATP = 1.55 ± 0.18)
despite the fact that systolic and diastolic function
parameters were within the normal range. This is an
intriguing but not exceptional finding: we, in insulin
resistant subjects,22,23 and others, in patients with type
134 and type 235 diabetes, reported lower resting PCr/
ATP ratios in individuals with metabolic diseases and
systolic and diastolic function still in the normal range.
We would like to speculate that this sort of data would
support the view that abnormalities of cardiac energy
metabolism may be detected prior to the subsequent
development of cardiac dysfunction; unfortunately, the
cross-sectional nature of the present study cannot
substantiate this hypothesis, and prospective studies in
patients with metabolic diseases are warranted. We also
realize that another possible and potentially easier
explanation is that the previously reported data with
individuals with overt cardiomyopathies and PCr/ATP
ratios close to our lower normal limit included, not
surprisingly, many patients who were taking on a regular
and long lasting basis pharmacological therapies (includ-
ing β-blockers) potentially able to improve their baseline
PCr/ATP ratio to a level close to the lower limit of the
normal subjects.
Study limitations
The aim of the present study was to evaluate

myocardial high energy phosphate intracellular levels
and to correlate it to heart rate. The volume of interest
used in this work represents a limitation of the study
because of the low spatial resolution. However, based on
the facts that (1) in preliminary studies using higher
spatial resolution (but longer acquisition times), the PCr/
ATP ratios were in close agreement and (2) the aim of the
study was to assess metabolic alterations involving the
entire LV and not to detect local abnormalities within
small amount of tissue, we consider as appropriate the
use of 3D-ISIS. Because the TR used in this protocol was
rather short and the PCr and ATP signals were not fully
recovered, the PCr/ATP ratios were corrected for partial
saturation effects as described in the methods, and the
used T1 values were obtained from inversion recovery
experiments reported in the literature.25 One may think
that because the PCr signal decreases at a faster rate than
the ATP signal due to its longer T1, this could have a
potential impact on our findings. Despite the fact that this
issue could not be fully excluded in our study population,
we still consider it a remote possibility because numerous
previous manuscripts have failed to report a significant
change of the PCr/ATP ratio during mild increment of
heart rate induced by handgrip exercise,18 isometric
exercise,36 and leg exercise37 in healthy volunteers, in
whom the procedure was performed in a paired fashion.
Conclusions
The results of this study show an inverse correlation

between heart rate and myocardial high energy phos-
phate intracellular levels in apparently healthy young
adults. This observation may indicate one of the potential
mechanisms by which, in the long term, heart rate plays a
role as a major cardiovascular risk factor in health and
pathological conditions. Strategies aimed at reducing
heart rate in normal adults may be useful to improve
cardiac metabolic efficiency.
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