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The heart consumes more energy per gram than any other organ,
and the creatine kinase (CK) reaction serves as its prime energy
reserve. Because chemical energy is required to fuel systolic and
diastolic function, the question of whether the failing heart is
‘‘energy starved’’ has been debated for decades. Despite the
central role of the CK reaction in cardiac energy metabolism, direct
measures of CK flux in the beating human heart were not previously possible. Using an image-guided molecular assessment of
endogenous ATP turnover, we directly measured ATP flux through
CK in normal, stressed, and failing human hearts. We show that
cardiac CK flux in healthy humans is faster than that estimated
through oxidative phosphorylation and that CK flux does not
increase during a doubling of the heart rate– blood pressure
product by dobutamine. Furthermore, cardiac ATP flux through CK
is reduced by 50% in mild-to-moderate human heart failure (1.6 ⴞ
0.6 vs. 3.2 ⴞ 0.9 mol兾g of wet weight per sec, P < 0.0005). We
conclude that magnetic resonance strategies can now directly
assess human myocardial CK energy flux. The deficit in ATP
supplied by CK in the failing heart is cardiac-specific and potentially
of sufficient magnitude, even in the absence of a significant
reduction in ATP stores, to contribute to the pathophysiology of
human heart failure. These findings support the pursuit of new
therapies that reduce energy demand and兾or augment energy
transfer in heart failure and indicate that cardiac magnetic resonance can be used to assess their effectiveness.
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TP provides the chemical energy that fuels myocardial
contractile function. Relatively large rates of ATP synthesis
are required to sustain normal systolic and diastolic function.
The ‘‘energy starvation’’ hypothesis of heart failure suggests that
inadequate ATP supply underlies the contractile dysfunction
present in heart failure (1, 2). Large-scale clinical trials demonstrating that pharmacologic agents such as beta-blockers and
angiotensin-converting enzyme inhibitors that reduce metabolic
demand improve outcomes in heart failure, whereas those such
as positive inotropic agents that increase energetic demand
worsen outcomes (3) are consistent with the energy-starvation
hypothesis. However, the ability to test the energy-starvation
hypothesis has been limited, in part, by an inability to directly
measure ATP synthesis in the human heart.
Creatine kinase (CK) is central to mammalian energy metabolism and serves as the prime energy reserve of the heart. CK
reversibly converts ADP and creatine phosphate (PCr) to ATP
and creatine (Cr). This reaction allows tight control of ADP and
ATP concentrations in cardiac and skeletal muscle as well as in
brain, providing a rapid source of ATP during ischemia and burst
activity in skeletal muscle (4–6). It is also hypothesized that the
CK reaction serves as an intracellular spatial energy shuttle,
facilitating the transfer of high-energy phosphates from the
mitochondria (where ATP is produced) to the cytosol (where
ATP is used) and facilitating the return of products to the
mitochondria for rephosphorylation (5, 7).
Endogenous human cardiac CK metabolite levels have been
measured in biopsies (4, 8) and by in vivo magnetic resonance
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spectroscopy (MRS) (9–13). Modest reductions in myocardial
CK metabolite levels have been reported in humans at rest with
moderate-to-severe heart failure (4, 8, 14–17). However, metabolite pool sizes do not directly index flux or energy turnover.
Dynamic measures of energy metabolite turnover have been
possible with saturation transfer MRS in animals (18, 19), but
flux measurements in the human heart have been unobtainable
because of the complexity, sensitivity, and inefficiency of standard methods. We recently developed and validated a four-angle
saturation transfer (FAST) method for rapidly measuring CK
flux rate by using phosphorus (31P) MRS (20) and, separately,
noninvasive methods for quantifying myocardial metabolite
concentrations (11). Here we combine these techniques to
obtain direct measurements of energy turnover in the human
heart. The data provide insight into the long-standing but
important question of whether the failing human heart is energydeficient.
Materials and Methods
Human Subjects. All studies were approved by The Johns Hopkins

Institutional Review Board on human investigation. Informed
consent was obtained after explanation of the study and protocol. Normal subjects were ⬍50 years old with no history of
hypertension, diabetes, or heart disease. Heart failure subjects
included 4 women and 13 men with a mean age of 46 ⫾ 10
(mean ⫾ SD) years, identified by clinical history. Left ventricular
ejection fraction was ⬍40%, and significant coronary disease
was excluded by x-ray contrast angiography in all patients. One
patient was in New York Heart Association (NYHA) heart
failure class I, seven in class II, seven in class III, one in class
III–IV, and one in class IV.
Stress Studies. To determine whether increased energy demand

during stress increases the rate of ATP synthesis through CK
over a physiologic range of stress, cardiac CK flux was measured
in six normal subjects at rest and during i.v. dobutamine infusion
that doubled the rate–pressure product. After baseline metabolic measurements were taken, dobutamine was administered
by i.v. continuous infusion with increments in dose every 3–5 min
until the (heart-rate) ⫻ (systolic blood pressure) product increased to twice that at baseline. CK flux measurements were
repeated at the doubled rate–pressure product.
31P MRS Quantification of CK Flux. Imageguided 31P MRS was performed on a clinical 1.5-T General
Electric Signa MRI scanner with subjects positioned prone on a
6-cm surface receive coil. A one-dimensional chemical-shift
imaging sequence was applied (1-cm resolution) with B1-field
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Fig. 1. MRI兾MRS detection of CK energy flux in the human heart. Shown are cardiac MRI and 31P spectra from FAST studies of a normal subject acquired at
rest (a and b) and during dobutamine stress (c), and of a 37-year-old patient with NYHA class III heart failure at rest (d and e). Horizontal white lines in images
denote the source of the spectra in the anterior myocardium. The white box shows the detector coil location. Arrows on the spectra identify the frequency of
the saturating irradiation tuned to the ␥-ATP resonance (spectra on right) and in a symmetric control location, relative to PCr (spectra on left). With ␥-ATP
saturated, the PCr resonance decreases (oblique lines) in direct proportion to the forward CK flux because the saturated ␥-ATP signal is unable to contribute to
the PCr signal by the reverse reaction: the greater the flux the greater the decrease. Dobutamine stress had a dramatic 2-fold effect on cardiac workload
(rate–pressure product), but did not dramatically alter CK flux in the heart (b and c). At rest, the flux in the patient is lower (e). In each study, four such 31P data
sets are acquired with saturation and two different flip angles (20); then a 31P and a 1H data set are acquired without saturation to measure concentrations (10,
11, 22). The spectral scale is chemical shift in ppm.

independent rotation phase-cycled (BIRP) adiabatic pulses (21)
to provide exact flip angles of 15° or 60°. Square pulses at 2% of
the BIRP power level were applied to selectively saturate the
␥-phosphate of ATP (␥-ATP) at ⫺2.7 ppm and to provide a
control irradiation at ⫹2.7 ppm relative to the PCr resonance.
FAST measurements consisted of two pairs of measurements of
the PCr signal with flip angles of 15° and 60°: one pair with
␥-ATP saturated and the other pair with control irradiation
(total scan time ⬇38 min; repetition time (TR) ⫽ 1 sec) (20). The
forward CK rate constant kfor was derived from the classic
relationship kfor T⬘1 ⫽ 1 ⫺ M⬘o兾Mo corrected for spillover
irradiation, where T⬘1 is the spin-lattice relaxation time in the
presence of saturating irradiation and M⬘o兾Mo is the fully relaxed
fractional reduction in PCr. Specifically, we used equations 5, 6,
and 9 of ref. 20. The CK forward flux rate was calculated from
the classic equation CK flux ⫽ kfor䡠[PCr]. In all studies at rest,
a fifth 31P MRS data set was acquired with a 60° pulse and
without selective saturation to measure both the spillover of the
saturation and the ATP and PCr concentrations (scan time ⬇6
min, TR ⫽ 1 sec). In all but the dobutamine studies, this
procedure was followed by a 1H MRS acquisition with the same
detector coil (scan time ⬇4 min, TR ⫽ 2 sec) to provide a water
signal as an internal concentration reference (11).
In the dobutamine studies, the FASTest protocol (20) was
applied after doubling of the rate–pressure product was
achieved. This protocol involved two 60° acquisitions with
␥-ATP and control irradiation (scan time ⬇13 min) during stress.
At least one additional 15° acquisition with selective saturation
Weiss et al.

was made to confirm that the longitudinal relaxation times did
not change with stress (20).
After the examination, the patient was replaced by a large,
phosphate-containing phantom, and fully relaxed 31P and 1H
MR spectra were acquired to calibrate concentration measurements (11). PCr and ATP concentrations were determined by
both the water- and phosphate-reference methods (10, 11, 22),
except for the normal dobutamine studies, when only the phosphate-reference method was used (10, 22). Comparison of
measurements using both methods showed no significant difference. Metabolite measurements were saturation-corrected and
ATP concentration was corrected for blood contamination (10,
11, 14, 22).
Results
Representative image-guided, spatially localized, cardiac 31P
FAST spectra from a normal subject at rest are shown in Fig. 1b.
The reduction in PCr signal with ATP saturated is directly
proportional to the forward flux rate through the CK reaction in
the human heart (20). The metabolite signals recorded in the
absence of any saturating irradiation are proportional to the
metabolite concentrations (11). The metabolite concentrations
and the unidirectional forward flux rate, kfor, of ATP synthesis
through CK were determined for cardiac and chest skeletal
muscle in 16 normal subjects at rest. The results are summarized
in Table 1. CK flux in chest muscle is similar to that previously
reported from leg muscle (20). CK flux in the beating heart is
⬇50% that of resting skeletal muscle.
PNAS 兩 January 18, 2005 兩 vol. 102 兩 no. 3 兩 809

Table 1. Metabolite levels and ATP turnover in normal subjects and patients with heart failure

Tissue
Chest wall
Normal
Heart failure
Cardiac muscle
Normal
Rest
Dobutamine
Heart failure

kfor, sec⫺1

CK flux,
mol兾g wet wt
per sec

n

8.2 ⫾ 2.4
8.4 ⫾ 3.4§

0.22 ⫾ 0.07†
0.21 ⫾ 0.08§

5.7 ⫾ 2.2†
5.1 ⫾ 2.2§¶

14‡
13㛳

5.7 ⫾ 1.3
5.6 ⫾ 1.4
5.2 ⫾ 1.3

0.32 ⫾ 0.07
0.33 ⫾ 0.09
0.21 ⫾ 0.07††

3.2 ⫾ 0.9
3.3 ⫾ 1.2
1.6 ⫾ 0.6††

16
6
17

PCr, mol兾g
wet wt

ATP, mol兾g
wet wt

27 ⫾ 8*
26 ⫾ 8*§

10.1 ⫾ 1.3
9.9 ⫾ 1.2
8.3 ⫾ 2.6**

Data are mean ⫾ SD. *, P ⬍ 0.0001 vs. heart in same subjects; †, P ⬍ 0.003 vs. heart in same subject; ‡, chest
muscle was not unambiguously identified in two normal subjects; §, P ⫽ not significant vs. chest in normal subjects;
¶, P ⬍ 0.002 vs. heart in same subjects; 㛳, chest muscle was not unambiguously identified in four heart failure
patients; **, P ⫽ 0.03 vs. normal; ††, P ⬍ 0.0005 vs. normal.

Dobutamine stress doubled the rate–pressure product in
normal subjects, from 7,820 ⫾ 521 (⫾SD) to 16,300 ⫾ 1,260
mmHg䡠beats兾min. This should increase myocardial oxygen consumption and ATP synthesis through oxidative phosphorylation
(Ox-Phos) by the same proportion (23, 24). Although dobutamine caused a modest increase in kfor of borderline statistical
significance in the same six subjects (P ⫽ 0.06), CK flux was not
significantly changed during dobutamine infusion in normal
subjects (Table 1, Fig. 2). Whereas mean myocardial CK flux is
slightly higher at 3.3 ⫾ 1.2 vs. 2.8 ⫾ 0.7 mol兾g per sec (P ⫽
0.22), this increase is not statistically significant and is not
proportionate to the doubled rate–pressure product. The finding
that CK flux does not significantly increase with cardiac workload over a physiologic range in humans is different from that
seen in isolated rat hearts (25) but similar to prior studies
performed in vivo in sheep, pigs, and dogs (18, 19, 26, 27).
A significant (18%) decline in cardiac PCr concentration was
observed in CHF patients (P ⬍ 0.03) whereas ATP concentration was unchanged (Table 1). More importantly, the cardiac kfor
was reduced by 37%, and ATP flux through CK was reduced by
50% from that in normal subjects (Table 1, Fig. 2). Thus,

Fig. 2. The forward cardiac CK flux is reduced in chronic heart failure (CHF).
Forward myocardial CK flux is measured in normal subjects at rest (at left),
during dobutamine stress (in the center, filled symbols), and in patients with
NYHA class I–IV CHF (at right). Square symbols with vertical error bars denote
means ⫾ SD. *, P ⬍ 0.0005 vs. normal subjects at rest.
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dramatic reductions in ATP flux through CK are observed in
human heart failure even in the absence of a detectable decline
in ATP concentration (Fig. 3). Reduced CK flux in CHF is
apparently cardiac-specific because CK flux in chest muscle was
comparable to that of normal subjects (5.1 ⫾ 2.2 vs. 5.7 ⫾ 2.2
mol兾g per sec, P ⫽ 0.56). If cardiac PCr content is reduced in
proportion to the severity of heart failure (16), and because flux
is the product of PCr concentration and kfor, even greater
reductions in cardiac CK flux are anticipated in more severe
CHF than that studied here.
Discussion
These direct measures of ATP synthesis through CK in the
human heart demonstrate a deficit in energy supply in clinical
heart failure. This reduction in ATP synthesis through CK is
cardiac-specific and occurs in mild-to-moderate heart failure
before a significant reduction in ATP can be detected.
Most myocardial ATP production occurs in the mitochondria
through Ox-Phos, and most ATP utilization occurs at the myofibrils. The CK reaction spans these sites and contributes to rapidly
buffering ATP and to maintaining high ADP concentration at the
former location and high ATP concentration at the latter (5, 7, 28,
29). The CK enzyme isoforms are compartmentalized and include
a mitochondrial form that is increasingly expressed after birth and
several constitutive cytoplasmic forms typically associated with the
myofibrils (30). Our 31P MRS approach cannot resolve CK turnover
in the different subcellular compartments, but it does provide a
measure of the average net forward CK flux involving all of the
detectable PCr (20, 31, 32). Because the diffusion of PCr and Cr is
more rapid than that of ATP and ADP, it is hypothesized that the
CK system may also provide a shuttle mechanism for transporting
high-energy phosphates to the myofibrils and ADP to the mitochondria for rephosphorylation (5, 7, 30). Our finding that CK
turnover in human heart is lower than in resting skeletal muscle is
consistent with the latter’s higher PCr content and in vitro enzyme
activity (33), reflecting, perhaps, the wider range of energy utilization between rest and exercise and the greater distance between
mitochondria and myofibrils in skeletal muscle.
Although myocardial CK flux in the normal heart is slower
than that in resting skeletal muscle, it is still faster than that
through Ox-Phos. With prior indirect estimates of ATP production through Ox-Phos (see Appendix), the rate of myocardial
ATP production through CK at rest (⬇3.2 mol兾g of wet weight
per sec, from Table 1) is still 7–10 times that of ATP production
through Ox-Phos (0.3–0.4 mol兾g of wet weight per sec).
Although this factor is lower than predicted from in vitro studies
(25, 30, 34), it is comparable to that measured in larger intact
animals (18, 35). This factor is consistent with the CK reaction
being at or near equilibrium in the normal human heart.
Weiss et al.

The finding that net CK flux is not significantly changed by
stress indicates that sufficient CK activity exists at baseline to
meet the additional demands of moderate physiologic stress in
the normal heart. It also means that the ATP flux supplied by the
CK reaction is not unlimited. The ratio of cardiac CK flux to
Ox-Phos, an index of CK reserve, falls from 7- to 10-fold at rest
and to 3- to 5-fold in normal humans during an adrenergic stress
associated with hemodynamic effects similar to those of nonexhaustive exercise. Thus, although prior in vitro studies suggested
a 20-fold reserve of CK (30) (measured as the ratio of ATP flux
through CK to that of Ox-Phos), our direct measures in the
human heart demonstrate that the ratio is much lower and only
3- to 5-fold during a stress that is comparable to nonexhaustive
aerobic exercise.
Our direct in vivo measures of CK flux in the human heart
provide important information that cannot be obtained from in
vitro studies. These data demonstrate that ATP regeneration
through the CK reaction is greatly reduced in heart failure and that
this reduction is cardiac-specific (Table 1) and occurs before a
significant reduction in ATP concentration. Prior in vitro human
data acquired at the time of transplantation in patients with
end-stage heart failure (36) demonstrated reductions in in vitro CK
enzyme activity and in PCr and Cr content. However, those findings
may not reflect the changes in in vivo CK flux or other metabolic
parameters present in healthier patients with milder or earlier
stages of heart failure, such as those studied here.
Although ATP content may be reduced in human CHF (8, 36),
the reduction is, at most, modest (⬍25% in prior reports and
Table 1), and ATP concentration is still much greater than the
levels that would limit most energy-requiring reactions (Km) (1,
2). Because the release of ADP is a rate-limiting step for the
actomyosin-ATPase reaction, an increase in concentration of
free ADP could reduce the rate of cross-bridge cycling, impair
diastolic function, and lower the free energy of ATP hydrolysis
(⌬G⬃ATP) (2). Prior studies of heart failure in animal models
have not clearly answered this question, with reports showing
that ADP concentration is increased (35), unchanged (37–40), or
decreased (41–43). Our data shed light on this controversy and,
Weiss et al.

moreover, do not support a higher ADP concentration in human
CHF. Intracellular free ADP concentration is typically calculated from the CK equilibrium reaction [ADP] ⫽ ([ATP][free
Cr])兾([PCr][H⫹]Keq) where Keq is 1.66 ⫻ 109 liters兾mol for a
Mg2⫹ concentration of 1.0 mmol兾liter, the cytosolic volume
taken as 0.725 ml兾g of wet weight (44), and intracellular pH as
7.05. When our 31P MRS data (Table 1) are combined with
recent 1H MRS measures showing reduced total Cr in comparable patients with heart failure (16.1 mol兾g of wet weight in
CHF vs. 27.6 mol兾g of wet weight in healthy subjects) (13),
myocardial free-ADP concentration calculated from the CK
equilibrium reaction is 50% lower in failing hearts (⬇45 mol兾
liter) than in normal hearts (⬇92 mol兾liter, see Appendix).
These in vivo estimates of ADP concentration argue against an
increased ADP concentration in human heart failure and are
consistent with the reduced ADP concentration observed in
several animal studies noted above (41–43) as well as with in vitro
data from end-stage human heart failure (36).
Our data can provide a basis for calculating the free energy
available from ATP hydrolysis (⌬G⬃ATP) in human heart failure,
if inorganic phosphate (Pi) concentration is known. We as well
as others (10, 14, 16, 17, 45) were unable to reliably quantify
myocardial Pi concentration because the Pi resonance is small
and not resolved from that of blood 2,3-diphosphoglycerate in
most heart failure subjects (Fig. 1). If myocardial Pi concentration is similar in normal and failing human hearts (⬇1 mol兾g
of wet weight), then our data (Table 1 and ADP concentration)
suggest that ⌬G⬃ATP is not lower in failing (61.4 kJ兾mol) than in
normal (59.7 kJ兾mol) hearts and, therefore, cannot account for
the mechanical dysfunction. If, however, Pi concentration is
severalfold higher in heart failure (e.g., ⬇3 mol兾g of wet
weight) than in normal hearts (⬇1 mol兾g of wet weight), then
⌬G⬃ATP would trend lower (59 kJ兾mol) in failing human hearts.
The recent availability of higher-field MRS systems offering
increased spectral resolution and sensitivity may permit quantification in vivo of cardiac Pi concentration in the near future,
which would enable, with the present data, a calculation of
⌬G⬃ATP to resolve this question.
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Fig. 3. Cardiac CK flux is significantly decreased in human CHF. (a) Myocardial PCr兾ATP. (b) PCr concentration ([PCr]) (mol兾g of wet weight). (c) ATP
concentration ([ATP]) (mol兾g of wet weight). (d) CK forward rate constant, kfor (sec⫺1). (e) ATP synthesis through CK (mol兾g of wet weight per sec), for normal
subjects (gray bars) and patients with heart failure (black bars). Note that the reduction in CK flux with heart failure is disproportionate to the reduction in
metabolite levels. *, P ⫽ 0.03; †, P ⬍ 0.0005; §, P ⬍ 0.0005.

Although ATP depletion, increased ADP concentration, and
lower ⌬G⬃ATP are metabolic factors that, theoretically, could
impair ventricular function, we do not find evidence for these
factors in our human heart-failure studies. Rather, reduced CK
flux is the most prominent metabolic abnormality we observe in
human heart failure. The 50% reduction in CK flux reported
here with mild-to-moderate human heart failure, coupled with a
possible 40% increase in ATP synthesis through Ox-Phos observed recently in an animal model of heart failure (41) and the
available human data (46, 47) (see Appendix), suggest that the
ratio of CK flux to Ox-Phos is only 2–3 in CHF patients at rest.
It is, therefore, likely that this ratio approaches unity during
exercise or adrenergic stress in patients with mild-to-moderate
CHF and at rest in patients with very severe CHF. As it happens,
these situations typically coincide with the onset of symptoms in
heart failure patients. Thus, although it was long thought that the
human heart had considerable CK excess and that only dramatic
(⬎90%) reductions could impact contractile function, the combination of lower than anticipated CK flux in the normal heart,
the lack of increase during stress, and the 50% reduction at rest
in mild-to-moderate heart failure are evidence that CK capacity
is severely compromised in human heart failure.
What are the consequences of lower CK flux in human heart
failure? As a spatial ATP buffer, CK is important for maintaining high cytosolic ATP concentration at the site of utilization and
low ADP concentration at the site of de novo ATP synthesis. CK
also buffers ATP over time (6, 48), and this buffering effect is
likely important when energy demands vary widely during the
cardiac cycle. In normal skeletal muscle, PCr acts as a rapid,
transient source to replenish ATP by the CK reaction after each
contraction, with changes in PCr observed on a millisecond time
scale (6). Cyclic changes in PCr during the cardiac-contraction
cycle have also been described in some (49–52), but not all
(53–55) reports. To the extent that cardiac muscle shares some
properties with skeletal muscle (6), rapid provision of ATP by
CK with contraction would represent a potentially important
mechanism by which a significant reduction in CK flux in heart
failure could limit temporal buffering and, thereby, limit contractile ATP supply and function. In this light it is important to
reconsider the current evidence on CK reserve as indexed by the
time-averaged ratio of net CK flux to de novo ATP synthesis
which our data predict would approach unity in some human
heart failure settings. Because peak energy demand with contraction must exceed the time-averaged value of energy use or
production over the entire cardiac cycle, a time-averaged ratio of
CK flux to de novo synthesis, approaching unity in heart failure
is likely inadequate to meet the peak ATP needs associated with
contraction.
Why is CK f lux decreased in human heart failure? Because
the myocardial PCr and ATP concentrations are 3- to 10-fold
higher than their respective Km for the CK reaction, the modest
18% reduction in PCr concentration and insignificant decline
in ATP concentration cannot account for reduced CK f lux in
human heart failure. However, because ADP concentration is
close to its Km, the calculated reduction in ADP concentration
in failure could lower CK f lux. To estimate the potential
contribution of altered metabolite pools to CK f lux, CK f lux
was predicted from the formal CK rate equation, as previously
described (56). In the absence of changes in Vmax or any other
metabolite levels, a 50% reduction in ADP concentration
would result in a 39% reduction in predicted CK f lux (56).
Thus, lower ADP concentration is sufficient to account for
most of the 50% reduction in CK f lux in human heart failure.
Others have noted a loss of CK activity in failing animal hearts
(39) as well as in patients with end-stage heart failure (36).
Because a combination of reduced CK Vmax (36), and altered
ADP concentration and other metabolite pool sizes observed
here would result in a 64% reduction in predicted CK f lux, it
812 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0408962102

is likely that lower Vmax also contributes to lower CK f lux in
patients with mild-to-moderate heart failure. A lower ADP
concentration, in turn, is attributable to a greater reduction in
total and free Cr than in PCr (Table 1 and refs. 13 and 36).
Because Cr is not synthesized in myocytes, the lower Cr
concentration is likely because of a reduction in Cr-transport
protein (57). Although a decline in Cr content in heart failure
prevents an increase in ADP concentration (41), a dramatic
decline (13, 36) could reduce ADP concentration below normal values to the level that reduces CK f lux seen here.
In conclusion, although many factors may contribute to the
onset and progression of human heart failure, reduced ATP
production through CK would, regardless of its underlying cause,
certainly have a direct, adverse affect on myocardial function if
it reduced energy supply to a level insufficient to meet demand.
We have now shown that it is possible to move beyond metabolite
levels to in vivo molecular-imaging studies of human myocardial
energy turnover under physiologic conditions, including evaluations of the energetic response to intervention. Our studies
reveal that the failing human heart has a deficit in energy supply.
The reduction in ATP turnover through CK is cardiac-specific
and out of proportion to the reduction in metabolite ratios and
pool sizes. We find that reduced ATP supplied by the CK
reaction, rather than an increase in ADP concentration, may
contribute to dysfunction. The results support the use of heartfailure treatment strategies that reduce metabolic demand as
opposed to those that stimulate contractility and deplete energy
reserves. The results also provide the foundation for new strategies that augment energy delivery and兾or improve metabolic兾
mechanical coupling.
Appendix
ATP synthesis through Ox-Phos has previously been estimated
from measures of myocardial oxygen consumption, which in turn
has been consistently measured by several noninvasive approaches
at ⬇0.085 ml兾g of wet weight per min in normal subjects at rest (24,
58). Similar values have been obtained in patients with dilated
cardiomyopathy and heart failure by using invasive (0.075 ml兾g of
wet weight per min) (46) and noninvasive (0.079 ml兾g of wet weight
per min) (47) techniques, respectively. Assuming a ratio of 3 moles
of ATP produced for each mole of oxygen consumed, this method
yields a mean ATP rate through Ox-Phos of 0.33 mol兾g per sec.
A comparable mean ATP rate of ⬇0.43 mol兾g per sec has been
derived from invasive measures (59).
CK flux was calculated from the classic relationship CK flux ⫽
kfor䡠[PCr], where kfor is the pseudo-first-order rate constant
measured by saturation transfer techniques. In addition, CK
flux ⫽ k2䡠[PCr]䡠[ADP], where [PCr] and [ADP] are the respective concentrations of the metabolites, and k2 is the second-order
CK rate constant (25, 26, 60). Intracellular free ADP concentration was calculated from the CK equilibrium reaction: [ADP]
⫽ ([ATP][free Cr])兾([PCr][H⫹]Keq), where Keq is 1.66 ⫻ 109
liters兾mol for a Mg2⫹ concentration of 1.0 mmol兾liter, the
cytosolic volume is taken as 0.725 ml兾g of wet weight (44), and
intracellular pH is taken as 7.05. The free-energy change of ATP
hydrolysis [⫺⌬G⬃ATP (kJ兾mol)] is determined from the formula
⌬G⬃ATP ⫽ ⌬G° ⫹ RT log([ADP][Pi]兾[ATP]); where ⌬G° is the
standard free-energy change, R is the universal gas constant, and
T is the absolute temperature (61).
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