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Abstract

Adenosine triphosphate (ATP) is absolutely required to fuel normal cyclic contractions of the
heart. The creatine kinase (CK) reaction is a major energy reserve that rapidly converts creatine
phosphate (PCr) to ATP during the cardiac cycle and times of stress and ischemia, but is
significantly impaired in conditions such as hypertrophy and heart failure. Because the magnitude
of possible in vivo cyclic changes in cardiac high-energy phosphates (HEPS) during the cardiac
cycle are not well known from prior work, this study uses mathematical modeling to assess
whether and to what extent, cyclic variations of HEPs and in the rate of ATP synthesis through
CK (CK flux) could exist in the human heart, and whether they could be measured with current in
vivo phosphorus magnetic resonance spectroscopy (3P MRS) methods. Multi-site exchange
models incorporating enzymatic rate equations were used to study cyclic dynamics of the CK
reaction, and Bloch equations were used to simulate 3IP MRS saturation transfer measurements of
the CK reaction. The simulations show that short-term buffering of ATP by CK requires temporal
variations over the cardiac cycle in the CK reaction velocities modeled by enzymatic rate
equations. The maximum variation in HEPs in the normal human heart beating at 60min~1 was
approximately 0.4mM and proportional to the velocity of ATP hydrolysis. Such HEP variations
are at or below the current limits of detection by in vivo 3P MRS methods. Bloch equation
simulations show that 3P MRS saturation transfer estimates the time-averaged pseudo-first-order
forward rate constant, k¢ p’, 0f the CK reaction and that periodic short-term fluctuations in k¢ and
CK flux are not likely to be detectable in human studies employing current in vivo 31P MRS
methods.
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This study uses mathematical modeling to assess whether and to what extent, cyclic variations
of high energy phosphates (HEPs) and in the rate of ATP synthesis through CK could exist in
the human heart, and whether they could be measured with current in vivo phosphorus
magnetic resonance spectroscopy (P MRS) methods. The simulations show that effective
buffering of short-term cyclic variations in the cardiac ATP concentration by CK would require
that the CK reaction velocities be temporally adaptive. However, periodic short-term fluctuations
in HEPs and pseudo-first-order rate constant of the CK reaction do not presently appear to be

detectable using current in vivo *'P MRS methods.

Creatine kinase reaction; ATP; creatine phosphate; high-energy phosphates; cyclic variations;
mathematical modelling; 3P MRS

Introduction

The cyclic process of myocardial contraction and relaxation is fueled by the hydrolysis of
adenosine triphosphate (ATP) to adenine diphosphate (ADP) and inorganic phosphate (Pi).
The main sources of ATP production are mitochondrial oxidative phosphorylation and, to a
lesser extent, glycolysis. The creatine kinase (CK) reaction reversibly converts creatine
phosphate (PCr) and ADP to creatine (Cr) and ATP (1):

. k
PCr¥ + ADP*~+ HT 2 APT* +Cr 1]

kr

where ks and k; are the reaction rate constants of the CK reaction. The CK reaction is
considered to be the primary energy reserve for the heart, maintaining relatively constant
ATP and ADP levels over the cardiac cycle and during periods of increased cardiac work
(2,3).

Phosphorus (31P) magnetic resonance spectroscopy (MRS) and 31P MRS saturation transfer
techniques are the only non-invasive means of quantifying high-energy phosphates (HEPS),
the reactants and products of the CK reaction, as well as the reaction velocity of ATP
synthesis through CK (CK flux). MRS approaches have been used in vitro in isolated cells,
ex vivo in perfused hearts and in vivo to study cardiac HEPs and the CK reaction (4-6).
Unlike skeletal muscle where HEPs decline during continuous muscle contraction,
myocardial levels of both ATP and PCr are unchanged during increased workloads, or show
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only minor changes with severe cardiac stress (6-10). Such observations suggest a tight
coupling between ATP production and hydrolysis in the heart, in concert with energy
buffers like the CK reaction. Additionally no changes in time-averaged myocardial CK flux
were observed during increased workloads in healthy human subjects (6), suggesting that the
CK reaction in the heart buffers short-term changes in ATP hydrolysis differently than
skeletal muscle.

Reaction velocities of myocardial ATP hydrolysis are not constant over the cardiac cycle as
suggested by older calorimetric studies indicating that about 75% of ATP consumption
occurs during the systolic heart phase (11,12). Small changes in myocardial HEPs have been
reported during the cardiac cycle in some perfused rat heart studies (13-17) and in one in
vivo rat study (18) but the latter to our knowledge has not been reproduced (19). Cyclic
changes of HEPs have not been observed in large animals or humans in vivo (20-22). In
order to stabilize ATP concentrations during the cardiac cycle in humans and large
mammals, the major myocardial ATP buffers such as the CK reaction would need to
cyclically augment ATP production during times of high ATP consumption. Besides
preserving myocardial ATP concentrations, the CK reaction could help maintain low
cytosolic concentrations of ADP, which would stabilize the concentration gradient between
ATP and ADP and ensure that a large Gibb's free energy is available at the sites of ATP
hydrolysis over the cardiac cycle (23).

However, CK activity and the time-averaged in vivo CK flux (the reaction velocity or rate of
the CK reaction) are reduced by 50%-75% in common cardiovascular diseases including left
ventricular hypertrophy, dilated cardiomyopathy and heart failure (6,24-26). Reduced CK
buffering capacity in these conditions, along with depressed myocardial energetics, could
predispose or accentuate fluctuations in HEPs during the cardiac cycle. If such variations did
occur, then the reductions seen in the time-averaged myocardial HEP and ATP kinetics may
underestimate the instantaneous energetic abnormalities occurring during the cardiac cycle.

Mathematical modeling can provide useful insights on the effects of increased work on ATP
production, and how the intracellular concentrations of ATP, ADP, Pi, and creatine as well
as CK activity regulate myocardial energy metabolism (27-32). However, to our knowledge,
such simulations have not addressed possible temporal variations in CK reaction velocities,
nor whether such variations could affect the stability of HEP levels, and the feasibility of
detecting temporal variations in the CK flux by 3P MRS methods in the healthy or diseased
human heart.

In the current work two-site and multi-site exchange models incorporating enzymatic rate
equations are used to investigate possible cyclic fluctuations of HEPs and the effects of
cyclic variations of CK flux in the human heart. Bloch equation simulations are then
performed to explore whether theoretically plausible changes in HEPs and CK flux from the
enzymatic modeling could potentially be detected by state-of-the-art non-invasive 3P MRS
techniques in vivo.
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Methods

Limits on HEP and CK flux variation based on two-site exchange

We first assumed a two-site exchange model restricted to ATP and PCr sites, which forms
the theoretical basis of 31P MRS saturation transfer methods (33,34), to explore the potential
limits of HEP and CK flux variations (Figure 1a, b). The two-site exchange model from
Figure 1(b) is described by a differential equation system

dC
d};c == vCK,f+UCK.r [2]
dC
d;;fTP =~ Vor, ok = VhydtVsyn- [3]
UCK,f:kaPcw Ver,r =k.C,rp [4]

Here Cpcr and Catp are the cytosolic concentrations of PCr and ATP, vck s and vk  are the
reaction velocities of the CK reaction in forward and reverse directions, and vgyn and vyq are
the synthesis and hydrolysis velocities of ATP, respectively. Within this limited picture of a
two-site exchange model (Figure 1b) ki’ and k,” denote the forward and reverse rate
constants of the CK reaction which are directly accessible by 3P MRS magnetization
transfer methods and are often referred to as pseudo-first-order rate constants in the
literature (5,6,24-26,33-35). However, ki’ and k,” are only constant if all substances involved
in the CK reaction and not included in Equations [2]-[4] are constant. Note that ki and k,’
and are not identical to the reaction rate constants k¢ and k; of the CK reaction from Equation
[1]. The steady-state values of C and k’ used for the simulations were taken from the
literature as summarized in Table 1. To convert concentration values from [umol/g wet wt]
in the literature to [mmol/L], a cytosolic volume 0.725 ml/g was assumed (36). The value of
k;* for transfer from ATP to PCr was calculated by the equilibrium equation k,” =

ke *Cpcr/Catp. Variations in ATP hydrolysis during the cardiac cycle were modeled
according to a temporal repetitive variation of vhyq(t) at a 1 sec time interval corresponding
to a heart-rate of 60 min~! (Figure 2). The velocity of ATP synthesis from ADP and Pi, Vsyn
was assumed constant over the cardiac cycle, and equal to the temporal mean ATP
hydrolysis velocity, vnyq (Figure 2).

Variations in HEPs were studied for three cases with: (1) k¢'(t) and k,’(t) held constant over
the cardiac cycle; (2) ks’ and k;” equal to zero, to simulate the extreme case of no CK
reaction; and (3) holding k,’(t) constant while allowing k¢’ (t) to vary freely to maintain a
constant ATP level throughout the cardiac cycle.

CK flux variations based on enzymatic rate equations

While the two-site exchange model can be used to study how CK flux can produce cyclic
variations in HEP, it does not provide a theoretical basis for possible transient changes in the
CK reaction velocities and HEPs, and moreover neglects many metabolites that are involved
in the CK reaction but are not necessarily detectable by 31P MRS. Therefore, the two-site
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exchange model shown in Figure 1(b) was extended to include ADP, Cr and Pi, as shown in
Figure 1(c). This leads to an extended set of differential equations:

L
&:%K v [6]
dt S ek
dc’;{%:vsyn—wmﬂf — Vog, — Vhyd [7]
dcd%: — Voyn = Vor s HVorc, TOhya 8]
%: — Usyn+Vnyd  [9]

where Ve 1, Vek,ry Vsyn @nd Vpyg are the reaction velocities of the forward and reverse CK
reaction, ATP synthesis from ADP and Pi, and ATP hydrolysis, respectively. Like in the
two-site exchange model, variations in ATP hydrolysis during the cardiac cycle were
modeled according to a temporal repetitive variation of viy4(t) at a 1 sec time interval
corresponding to a heart-rate of 60min=1 (Figure 2). The reaction velocities of the CK
reaction are given by equations derived in (37,38) that describe a sequential, rapid
equilibrium, random, enzymatic reaction mechanism. These equations were previously
shown to yield results consistent with experimental data from 31P MRS saturation transfer
studies, and were used to calculate the maximum reaction velocity for the CK reaction-or
CK activity Vinax—from measured transfer velocities vck and vice versa (35,39,40):

‘/muz,fc C

o ADP ~ PCr
Vers =D LK, (ADP) - K4 (PCr) el
‘/maz,TCATP CCT [11]

Yexr=D K, (ATP) - K, (Cr)

with
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C

D=1 ADP
* K. (ADP)
CPCT
Kiq (PCr)
+i
Ko (ATP)
Cor
TR (Cr) [12]
+ CADPCPCT-
K. ADP) - K4 (PCr)
+ CATPCCT
Kia (ATP) . Kb (Cr)
+ CADPCCT

and

Vinaz,f=kyf - €ty Vinazr=Fkr - €. [13]

Here ks and k; are the true unidirectional rate constants of the CK reaction (Equation [1]) and
et is the total enzyme concentration (37), all assumed constant over the cardiac cycle.
Steady-state concentrations of ATP, PCr and Cr were the same as for the two-site model
(Table 1) and the ADP concentration, Capp, calculated from the equilibrium equation for
the CK reaction (Table 1).

Kia(ATP), Kijp(Cr), Kic(ADP) and K;q(PCr) are the binary dissociation constants for ATP
and CK, Cr and CK, ADP and CK, and PCr and CK complexes, respectively. Ky(Cr) is the
ternary dissociation constants of Cr in a complex of CK, ATP and Cr, K;(ADP) is the
ternary dissociation constants of ADP in a complex of CK, ADP and PCr and Ky(PCr) is the
ternary dissociation constants of PCr in a complex of CK, ADP and PCr. Please refer to
references (37,38) for a detailed description of the binary and ternary dissociation constants
in Equation [10] to [12].

The effect of ADP and Pi concentrations on the oxidative synthesis of ATP was modeled by
a Michealis-Menten equation for two substrates (30):

e
_ ‘ nmx,synCADpCpi

Usyn= DsynKADp K, [14]
o C,. c,. .C,.

D :]__f_ﬂ_f_ Pi +0 ADP ~ Pi [15]
o KADP KPi KADPKPi

Kapp and Kp; are the Michaelis-Menten constants for ADP and Pi, respectively. The values
for the Michaelis-Menten constants, and the binary and ternary dissociation constants were
taken from the literature and are listed in Table 2. The steady-state concentration of Pi, Cp;,
was assumed to be 1umol/g wet wt (Table 1). The maximum forward reaction velocity for
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the CK reaction, Vinax 1, Was calculated from Equation [10] and the ancillary equations,
assuming a steady-state CK flux equal to the product of ki and Cpc, from Table 1 for 100%
CK activity. CK activities of 50%, 30% and 10% were then simulated by reducing Viax ¢
accordingly. The maximal reverse CK reaction velocity (for PCr production) was calculated
using the Haldane relation (Table 2). The maximal reaction velocity of ATP synthesis from
ADP and Pi, Vinax syn, Was adjusted to match the temporal mean of ATP hydrolysis using the
temporal mean values of ADP and Pi and Equation [14]. One hundred cardiac cycles were
used to allow the equation system to equilibrate for every simulation.

The CK reaction was studied with CK activities of 100%, 50%, 30% and 10% of previously
reported normal values, corresponding to what might be observed in mild (50%) and
moderate (30%) heart failure or under extreme conditions (10%) (6,24-26). To investigate
the influence of different CK activity on mean and temporal HEP variations during the
cardiac cycle, the model was studied with the maximal reaction velocities (CK activity),
Vimaxf and Viax r, adjusted for cardiac work loads corresponding to heart-rates of 60min~1 to
120min~1. ATP hydrolysis and synthesis were increased proportionate to the heart rate to
maintain a constant amount of ATP hydrolyzed per cardiac cycle to reflect HEP
homeostasis, as observed experimentally. An increase in heart rate and cardiac workload can
be expected with physical activity. To investigate the effect of an increased cardiac
workload at a constant heart rate (as may occur for example with high blood pressure), two-
and three-fold increases in ATP hydrolysis were also investigated. While the ATP
hydrolysis velocity, vhyqg, was changed directly, ATP synthesis from ADP and Pi was varied
by adjusting the maximal velocity Viax syn in Equation [14].

The free energy change of ATP hydrolysis, or Gibbs free energy, AG-atp, Was determined
via (41):

C -C .
AG . »=AGy+R-T -log (%) [16]
TF

ATP

where AGg is the standard free energy change, R is the universal gas constant and T is the
absolute temperature.

Detecting cyclic fluctuations in HEPs and CK flux with 3P MRS

To investigate whether current in vivo 3P MRS saturation transfer methods could detect
possible cyclic changes in CK flux, numerical simulations of the Bloch equations modified
for two-site chemical exchange between PCr and ATP were performed (33). Empirical-
based longitudinal (T1) and transverse (T,) relaxation times of T1 pcy = 7s, T aTp = 5.4s and
To,pcr = 0.1s, To atp = 0.05s (34,42) were assumed for the intrinsic Tq and T relaxation
times at 3 Tesla for the PCr and the y-ATP resonance, respectively. As a best-case scenario
that avoids any spillover saturation of PCr, a (unrealistic) chemical shift of 7 kHz between
PCr and y-ATP was assumed. To eliminate any relaxation effects, the sequence repetition
time (TR) was set at 60s. Saturation of the y-ATP resonance was maintained during the
entire TR period. The magnetization My’ and Mg of PCr, respectively with and without v-
ATP saturated, were simulated. The apparent value of ki’, ks op’, delivered by the simulated
saturation transfer experiment was calculated from:
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/ 1 My
kf,ap:T ]\10’ -1 [17]

1,PCr

Cyclic changes of the CK reaction were modeled using the results from the rate-mediated
model based on the enzymatic equations (Figure 1c) for a 100% CK activity, ki’ was
estimated from kf'(t) = vck /Cpcy after equilibrium was established. To test detectability of
cyclic variations in k¢ (t), simulations were performed at ten different trigger time points
throughout the cardiac cycle separated by 100 ms, assuming a heart rate of 60 min~1.

Results

Limits on HEP and CK flux variation based on two-site exchange

The effects of varying ATP utilization on HEP for the three cases considered are shown in
Figure 3. In Case (1), k¢’ (t) and k;’(t) in equilibrium, constant throughout the cardiac cycle,
and equal in value to previously reported time-averaged values, the variations in ATP
hydrolysis are only weakly transferred to the PCr pool. This results in a strong variation in
Cartp that is barely buffered by the CK reaction (Figure 3a). The changes in Cpcy are very
small indicating that the net flux from PCr to ATP is tiny. The change in ATP is
approximately 0.4mM for the healthy human heart at rest, as assumed.

In Case (2) wherein both k¢” and k;’ are set to zero as if the CK reaction does not exist, the
effect is very similar. The temporal heterogeneous ATP hydrolysis results in strong
variations of the ATP concentration with variations of ~0.4mM (Figure 3b). Because of the
missing flux between PCr and ATP, Cpc, does not vary over time. The difference between
Case (1) with k¢ and k,” held constant over time (Figure 3a) and Case (2) with ki = k;” =0,
(Figure 3b) is small.

However, in Case (3) wherein k¢’ (t) is allowed to change over time, variations in the ATP
pool can be fully transferred to the PCr pool. In this way, changes in ATP are buffered by
the CK reaction (Figure 3c). Figure 3(d) shows both the variation in k¢'(t) and the forward
CK flux, equal to the product of k¢’ (t) and Cpcr. The magnitude of variations in the PCr pool
for Case (3) is proportional to ATP hydrolysis, and similar to the variations in Cayp for
Cases (1) and (2): about 0.4mM. The magnitude of the buffering efficiency depends on the
temporal change in k¢ (t) and/or k;’(t).

CK flux variations based on enzymatic rate equations

The effect of incorporating the enzymatic rate equations into the exchange model (Figure 1c,
Equations 5-15) at a baseline heart rate of 60min~1 and a CK activity of 100% is shown in
Figure 4(a). The temporal variation in ATP hydrolysis during the cardiac cycle produces the
largest variations in the PCr and Cr pools, with much smaller absolute variations in ATP and
ADP concentrations. Thus, the enzymatic rate equations are very effective in buffering
temporal variations in the ATP pool during the cardiac cycle in the model healthy heart.
Decreasing CK activity to 50% (Figure 4b), increases the temporal variations in ATP and
ADP. Consequently, the ATP buffering capacity provided by the CK reaction, and the
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temporal variation in PCr and Cr, are all decreased. The temporal variations in ATP and
ADP are further increased as CK activity is further decreased to 30% (Figure 4c) and 10%
(Figure 4d).

The free energy change of ATP hydrolysis, AG-a1p, is also plotted in Figure 4 for 100%,
50%, 30% and 10% CK activity. As the cyclic variations in ADP and ATP increase with
decreasing CK activity, the variation in AG_7p increases. In addition, an increase in the
temporal mean concentration of Pi and ADP leads to a further increase (less negative) in
AG-aTp, Which means that a smaller free energy of ATP hydrolysis is available at times of
high ATP consumption.

Temporal variations of HEPs not only depend on CK activity, but also on cardiac work load.
Maximal temporal variations during the cardiac cycle of 0.33mM are predicted for ATP and
ADP at 10% CK activity, and a heart rate of 120min~1 (Figure 5a). Although small in
absolute terms, this amounts to ~366% of the mean concentration of ADP at 100% CK
activity. Buffering of the CK reaction in this model is most efficient at high CK activity and
low heart rates. For PCr and Cr maximal cyclic variations of 0.38mM are observed at 100%
CK activity and the lowest cardiac workload of 60min~1 (Figure 5b). Again, the cyclic
variations in ATP and ADP increase while those in PCr and Cr attenuate as CK activity
decreases, reflecting the reduced efficacy of the CK reaction as a short-term ATP buffer.

Even so, changes in the temporal-mean concentrations of ATP and ADP (Figure 5c¢) remain
small in absolute terms as workload is doubled. At 100% CK activity the temporal mean
concentrations of ATP and ADP were 7.86mM and 0.09mM, respectively, varying by
<0.002mM with work load. The temporal mean concentration of ATP decreased to 7.83mM
and ADP increased to 0.12mM as CK activity was reduced to 10% at the highest (120min1)
work load. Although again small in absolute terms, for ADP this amounted to a ~33%
relative increase in mean concentration.

Figure 5(d) shows how the temporal mean concentration of PCr depends on CK activity and
heart rate. At 100% CK activity the mean PCr and Cr levels are 13.7mM and 24.3mM,
respectively, varying by <0.05mM with heart rate. However, the mean concentration of PCr
decreases and that of Cr increases as CK activity decreases, and also as cardiac work load
increases. At 10% CK activity, the mean PCr level falls to 12.5mM at a heart rate of 120
min~1 while Cr rises to a temporal mean of 25.5mM.

The effects of increasing ATP hydrolysis at a constant heart rate of 60min~1 are shown in
Figure 6. In the extreme case of 10% CK activity and a threefold increase in ATP
hydrolysis, the variation of ATP and ADP concentration over the cardiac cycle amounts to
0.83mM (Figure 6a). Maximal temporal variations of 1.1mM in PCr and Cr occur with
100% CK activity and a threefold increase in ATP hydrolysis (Figure 6b).

Figure 6(c) shows the dependence of the temporal mean cytosolic ADP level on CK activity
and ATP hydrolysis velocity. For 100% CK activity and a normal ATP hydrolysis velocity,
the temporal mean concentrations of ATP and ADP are 7.86mM and 0.09mM, varying little
(< 0.006mM) as ATP hydrolysis is increased up to threefold. Mean ATP levels decrease and
ADP increase with decreasing CK activity. At 10% CK activity, mean ATP decreases to
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7.72mM and ADP increases to 0.23mM when the ATP hydrolysis velocity is increased
threefold. Again, while in absolute terms the changes in mean ADP concentrations were
small (0.14mM in Figure 6c), this corresponds to an increase to 155% in the mean cytosolic
free ADP level.

Figure 6(d) shows the dependence of the temporal mean concentration of PCr on CK
activity and the ATP hydrolysis velocity. For 100% CK activity and a normal ATP
hydrolysis velocity, the temporal mean concentrations of PCr and Cr are 13.7mM and
24.3mM, respectively. These change only slightly to 13.6mM and 24.5mM, respectively,
with a threefold increase in the ATP hydrolysis velocity. On the other hand, when CK
activity is decreased to 10%, PCr decreases to 8.6mM and Cr increases to 29.4mM
following the three-fold increase in ATP hydrolysis. This represents a 5mM variation in
both pools in opposite directions, as required by conservation of mass.

Figure 7 shows the dependence of the free energy of ATP hydrolysis, AG-a1p, at systole on
heart rate and ATP hydrolysis velocity. The released energy per mole of ATP hydrolyzed is
always highest for 100% CK activity, gradually decreasing with CK activity. At baseline
and 10% CK activity the energy released during ATP hydrolysis is ~3kJ/mol lower
compared to 100% CK activity (AG-a1p ~56kJ/mol vs ~59kJ/mol). While the decrease in
AG-a1p With increasing heart rate is small and comparable for all CK activities tested
(Figure 7a), the decrease in AG-a1p With increasing ATP hydrolysis is more pronounced at
reduced CK activity (Figure 7b) leading to a maximum difference in AG-a1p of ~7kJ/mol
between 10% and 100% CK activity at the threefold higher ATP hydrolysis velocity
(AG-aTP ~50kJ/mol vs ~57kJ/mol).

As expected, lower CK activity reduces the temporal mean values of CK reaction velocities,
vek . and vek ¢ (Figure 8a,b). It also reduces the magnitude of the cyclic variation in vk 1,
especially when CK activity falls to 10% (Figure 8a). While cyclic variations of ATP
synthesis velocity vgy, from ADP and Pi show only small increases at 50% and 30%
compared to 100% CK activity (Figure 8c), the variations of ATP synthesis from ADP and
Pi are much greater at 10% CK activity (Figure 8c).

Detectability of cyclic fluctuations in HEPs and CK rates by 3P MRS

The maximum variation in PCr at a heart rate of 60min~1 in the normal heart predicted by
the models is 0.38mM. The limit of these variations is proportional to the total ATP
hydrolysis velocity of 0.57mM/s. The maximum variation in PCr increases to 1.1 mM with a
threefold increase in ATP hydrolysis velocity.

The values of k¢’ (t) estimated from the multi-site exchange model incorporating the
enzymatic rate equations (Figure 1c) are plotted in Figure 9. The enzymatic rate equations
predict a 1.7-fold increase in k¢” at peak systole (black curve). However, when this transient
response is input to the Bloch equation simulation of the saturation transfer experiment, the
pulsatile behavior is virtually entirely smoothed to an apparent curve with k¢ o’ (t) values
ranging from 0.334s™ to 0.336s~1 (red curve). The predicted result of the MRS experiment
is indistinguishable from the temporal mean value of of k¢ (t) =0.34s™1 for the pulsatile
response (blue dashed line). This means that the conventional saturation transfer experiment
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would be unable to detect the cyclic changes in k¢ predicted by the multi-site enzymatic rate
equation model.

Discussion

The importance and role of the CK reaction as a temporal ATP energy buffer and spatial
shuttle of HEP to support myocyte contraction in the heart are still a subject of discussion
(23,43). Previous studies have found that CK activity is reduced in heart failure and other
cardiovascular diseases (6,24-26), suggesting that the failing heart may be limited by energy
availability (44). There has been much discussion about whether there are variations in
HEPs during the cardiac cycle and if so, whether they can be measured. Contradictory
results have been published and hitherto no clear answer has arisen (13-19). The main focus
of the current work was to investigate the flexibility of the CK reaction and the in vivo
magnitude and accessibility of potential variations in HEPs and CK flux to detection by 31p
MRS methods.

The results of the two-site exchange model (in Figure 1b) indicate that the CK reaction is
barely able to buffer the variations in ATP concentration imposed by temporally
heterogeneous ATP hydrolysis if ki’ and k,’ are assumed to be static (Figure 3a). It can
therefore be concluded that variations in ATP imposed by temporally heterogeneous ATP
hydrolysis can be effectively buffered by the CK reaction only if ki’ and k,’ are allowed to
vary during the cardiac cycle. Although ki and k,’ are equal at steady-state, transient
variations to allow additional generation of ATP by the CK reaction and are confirmed by
analysis of the enzymatic rate equations, and provide a theoretical basis for the temporal
adaptation of fluxes between PCr and ATP that is consistent with prior work (27,31) and 31p
MRS measurements in rats (39).

In considering whether k¢'(t), often termed the pseudo-first-order rate constant
(5,6,24-26,33-35) could change with time, it is important to recognize that k¢” is determined
from vck #/Cpcy, and can be constant only if all other reactants in Figure 1(b) are constant.
When this is not true, as here, ki’ is time-dependent and it is not equal to the true rate
constant k¢ of the CK reaction in Equation [13], even though its temporal mean is equal to
the apparent k¢ op” observed by 31p MRS (Table 1) which we set as a boundary condition. As
CK activity is reduced, the buffering of variations in ATP is reduced as well, resulting in
increased variations in ATP and ADP and decreased variations in PCr and Cr (Figure 4).
Thus, in cardiovascular diseases such as heart failure with reduced CK activity, an increased
variation in ATP and ADP, and a decreased variation in PCr and Cr, is expected. During
conditions of increased ATP hydrolysis, such as during exercise or stress, variations in ATP
and ADP would be exaggerated. Because the temporal mean concentration of ADP is low
(0.09mM assumed here), the relative variations in ADP during the cardiac cycle at low CK
activity would be greatly exacerbated, increasing by up to 366%. The CK reaction with high
CK activity would reduce these variations (Figure 5a). When CK activity is reduced, the
higher ATP and ADP fluctuations would also reduce the energy available from ATP
hydrolysis (-AG-a1p) in periods of high ATP consumption. This would limit the maximum
available energy during peak demand (Figure 4d, Figure 7). The maximum cyclic variation
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in ATP and PCr levels are dictated by time-varying ATP-hydrolysis and are tempered by
ATP buffers like the CK reaction.

We focused on the CK reaction with ATP synthesis from ADP and Pi based on a Michaelis-
Menten relationship (Equation 14) as used elsewhere (27,30,31). Because the latter accounts
for oxidative ATP production only and neglects glycolysis and all factors affecting ATP
synthesis other than the concentrations of ADP and Pi, the present analysis only
approximately models the relationship between the CK reaction and ATP synthesis. In
Figure 8(c) it can be seen that the ATP synthesis stimulated by ADP and Pi concentrations,
also partly buffers the cyclic variation in ATP hydrolysis, providing high ATP synthesis
during systole and reduced ATP synthesis during diastole. However, while these cyclic
variations in ATP synthesis are small for 100% CK activity and only slightly increased for
50% and 30% CK activity, the reaction rate varies nearly 2-fold at 10% CK activity.
Because coronary flow is low during systole and high during diastole, it can be speculated
that these variations could present a serious challenge to ATP production, possibly resulting
in a mismatch between ATP synthesis and hydrolysis. While this is beyond the scope of the
current paper, it does underscore the potential importance of the CK reaction as a temporal
buffer of ATP and ADP pools.

ATP hydrolysis was assumed to occur only during systole, which is also strictly not correct,
as ATP is also consumed during diastole and older calorimetric studies suggest that about
75% of ATP consumption occurs during the systolic heart phase (11,12). However, for the
purpose of identifying the upper limits of HEP variations, we believe that the assumption is
useful (11,12,45,46), as a more temporally homogenous ATP hydrolysis would minimize
HEP variations as shown in Figure 10. When CK activity is reduced, potential variations in
ATP during the cardiac cycle are increased. When CK activity is high, the fluctuations are
mostly observed in PCr, not ATP. The maximum variations in HEPs at baseline were only
~0.4mM, and proportional to the velocity of ATP hydrolysis. Even a threefold increase in
ATP hydrolysis produced temporal changes in HEPs of only ~~<1mM which would be
difficult to detect with current cardiac 3'P MRS methods in human heart in vivo with
experimental standard deviations of ~1mmol/kg wet wt (6,24,25,47). This may an explain
why it has not yet been possible to measure such changes in the human heart in vivo, while
providing insight on what advances in sensitivity would be needed in terms of sensitivity to
make them accessible to 31P MRS.

From the Bloch simulations using the data from the enzymatic rate equation-mediated
exchange model, it was found that 31P MRS saturation transfer methods provided an
apparent ks on” Which is equal to the temporal mean of k¢ (t) over the cardiac cycle,
independent of the triggering time-point in the data acquisition sequence (Figure 9). This is
caused by the time needed for the selective saturation of the y-ATP resonance to reach a
steady-state with the PCr resonance, and is of the order of several seconds. Although we
used a long saturation period of 60s to be certain that all spins were at steady-state, in
practice shorter saturation periods are often used and effective. If the simulations are re-run
with a saturation time and TR of 1s in combination with dummy scans according to the
FAST protocol (33), similar findings are observed to within 2%. This is good and bad news.
As the K ap’(t) value measured by saturation transfer 31p MRS provides the temporal mean
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of the actual k¢’ (t) value over the cardiac cycle, the measured values will be independent of
the measurement time point relative to the cardiac cycle, and studies that use or do not use
ECG triggering or trigger at different times, should yield the same values. This might also be
true for measurements of flux from ATP to Pi performed in pigs in vivo (48). It also means
that short-term cyclic variations in human cardiac CK flux cannot be assessed by current 31p
MRS saturation transfer methods in vivo. Note also that, because in vivo 31P MRS saturation
transfer methods cannot distinguish between CK activities in different cell compartments, a
single compartment for the CK reaction was assumed here and is sufficient for testing the
main hypothesis.

Beyond the limitations imposed by the time needed to detect a change in k¢’ (t) with current
saturation transfer methods, the primary limitation of 31P MRS is its low efficiency or
sensitivity per unit time, in combination with the relatively high frequency of the cardiac
cycle. Even if CK flux measurements were possible in tens or hundreds of milliseconds, the
product of this time and the flux would still net only a sub-milli-molar transfer of
metabolites, posing a significant challenge to detection. Opportunities for increasing SNR in
these experiments include higher MRS magnetic fields such as 7T, which may however
present additional hurdles of RF coil design, inhomogeneity in the excitation and main
magnetic fields, and RF power limitations (49). The use of detector coil arrays for signal
reception could also increase sensitivity (50-52), as indeed could the use of small
intravascular coils, albeit not non-invasively (48,53).

All of the simulation parameters except ADP used in our study were based on values found
in the literature. The values for ATP, PCr and Cr were taken from human in vivo studies.
ADP was calculated from the equilibrium equation for the CK reaction because there are no
in vivo values in the literature.

Conclusion

In conclusion this work shows that periodic variations in HEPs in the human heart can be
expected to be <ImM in magnitude and proportional to the amount of ATP hydrolyzed and
synthesized during a cardiac cycle. Reductions in CK activity in diseased and failing hearts
raise the possibility that variations in ATP may be greater in diseased hearts. The two-site
exchange model showed that effective buffering of short-term cyclic variations in the
cardiac ATP concentration by CK would require that ki and k,’, often referred to as the
unidirectional CK pseudo-first order reaction rate constants, be temporally adaptive, and this
was confirmed by the multi-site model incorporating enzymatic rate equations for the CK
reaction. However, predicted variations in HEPS at rest (on the order of <0.4mM) are
projected to be too small to be reliably detected by current 31P MRS methods in the human
heart in vivo. Finally, current 31P MRS saturation transfer methods applied to the human
heart in vivo appear to provide temporal mean values ks 5’, that are effectively independent
of the measurement time-point relative to the cardiac cycle. Periodic short-term fluctuations
in k¢’ and CK flux do not presently appear to be detectable in human studies employing
current in vivo 31P MRS methods.
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List of abbreviations

ATP Adenosine triphosphate.

ADP Adenosine diphosphate.

Pi Inorganic phosphate.

PCr Creatine phosphate.

Cr Creatine.

CK Creatine kinase.

3lp Phosphorus.

MRS Magnetic resonance spectroscopy.

HEPs High-energy phosphates.

CK flux ATP synthesis through the creatine kinase reaction.

ks Reaction rate constants of the CK reaction in direction of ATP production.

kr Reaction rate constants of the CK reaction in direction of PCr production.

k¢’ Pseudo-first-order rate constants of the CK reaction in direction of ATP
production.

k¢’ Pseudo-first-order rate constants of the CK reaction in direction of PCr
production.

Kfap’ time-averaged pseudo-first-order rate constant of the CK reaction in direction
of ATP production.

Kia(ATP) Binary dissociation constant of ATP.

Kin(Cr) Binary dissociation constant of Cr.

Kic(ADP) Binary dissociation constant of ADP.

Kiq(PCr) Binary dissociation constant of PCr.

Kp(Cr) Ternary dissociation constant of Cr.

K:(ADP) Ternary dissociation constant of ADP.

K4(ADP) Ternary dissociation constant of PCr.

T Longitudinal relaxation time constant.

Ty Transversal relaxation time constant.

TR Repetition time.
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Schematics of the investigated models. a) Schematic of the creatine kinase reaction b) Two-

site exchange model between ATP and PCr pools. ¢) Model based on enzymatic rate

equations to study temporal variation of forward (green) and reverse (orange) CK flux
including ATP synthesis from ADP and Pi (blue) and hydrolysis (red). The letters k™ and v

stand for the pseudo-first-order rate constants and reaction velocities, respectively.
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Figure 2.
Temporal variation of the ATP hydrolysis (vnyg) and synthesis (vsyn) reaction velocity shown

for three cardiac cycles with a heart-rate of 60min~1. While a heterogeneous ATP hydrolysis
was modeled, ATP synthesis from ADP and Pi was assumed constant for the two-site
exchange model. ATP hydrolysis was assumed to only take place during systole in the first
third of the cardiac cycle.
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Figure 3.

Variations of HEPs, ki’ and CK flux based on the two-site exchange model in Figure 1b. a)
Case (1): if k¢’ and k,” are static over time, buffering of the variations in ATP by the PCr
pool is very small. b) Case (2): if both, ki’ and k;” are equal to zero, no exchange between
ATP and PCr occurs and ATP is not buffered by the PCr pool. c) Case (3): if ki’ (PCr to
ATP conversion) is variable over time, changes in ATP can be completely mediated to the
PCr pool. d) Variation in ki (PCr to ATP conversion) and CK flux (product of ki’ and Cpcy)
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when variations in ATP are fully buffered (Case(3)). Three cardiac cycles are show at a
heart rate of 60min1.
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Figure 4.
Temporal variations of ATP, ADP, PCr, Cr and Pi on basis of the enzymatic rate equation

model from Figure 1c. (a) If CK activity is 100% variations in ATP and ADP are widely
buffered by the PCr and Cr pool. When CK activity is reduced to 50% (b), 30% (c) or only
10% (d), variations in ATP and ADP become more prominent based on decreased buffering
by the PCr and Cr pools. Variations in Pi concentration are slightly decreased with
decreasing CK activity. Temporal mean concentrations of Cr, Pi and ADP are increased and
temporal mean concentrations of PCr and ATP are slightly decreased with decreasing CK
activity. At times of decreased ATP and increased ADP the energy available from the Gibbs
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free energy of ATP hydrolysis, AG-atp, is reduced because of a decreased gradient between
ATP and ADP. Variations in AG.-a7p are increased with decreasing CK activity limiting
available energy from ATP hydrolysis especially at time of high ATP usage during the
cardiac cycle. Three cardiac cycles are show at a heart rate of 60min=1,
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Figure 5.
Variations during the cardiac cycle and temporal mean values of HEPs dependent on CK

activity and heart rate. While variations in the ATP and ADP pools are increased with
decreasing CK activity and increasing heart rate (a), variations in the PCr and Cr pools are
decreased with decreasing CK activity and increasing heart rate (b). Similarly, while mean
ADP concentration increases with decreasing CK activity and increasing heart rate (c), mean
PCr concentration decreases with decreasing CK activity and heart rate (d). In the model
changes in heart rate are accompanied by proportional changes in ATP hydrolysis velocity
Vhyd and maximum ATP synthesis velocity Viax syn to simulate increased cardiac work load.
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Figure 6.
Variations during the cardiac cycle and temporal mean values of HEPs dependent on CK

activity and ATP hydrolysis velocity at a constant heart rate of 60min~1. While variations in
the ATP and ADP pools are increased with decreasing CK activity and increasing ATP
hydrolysis (a), variations in the PCr and Cr pools are increased with increasing CK activity
and increasing ATP hydrolysis velocity (b). Similarly, while ADP concentration increases
with decreasing CK activity and increasing ATP hydrolysis velocity (c), PCr concentration
increases with decreasing CK activity and increasing ATP hydrolysis velocity (d). In this
model changes in ATP hydrolysis velocity are accompanied by proportional changes in
maximum ATP synthesis velocity from ADP and Pi to provide equilibrium between ATP
production and consumption.
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Figure 7.
Free energy of ATP hydrolysis, AG-a1p, at systole for 100%, 50%, 30% and 10% CK

activity dependent on heart rate (a) and increase of ATP hydrolysis (b). The energy available
from AG_-atp is highest for 100% CK activity and decreases slightly with increasing heart
rate (a). The decrease of the energy available from AG_pp with increased of ATP
hydrolysis is more pronounced compared to that with heart rate and stronger with decreasing
CK activity (b).
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Variations of the forward (CK flux) and reverse reaction velocities vc  (a) and vek r (b) of
the CK reaction and vgy, (c) of ATP synthesis from ADP and Pi. The four considered cases

of 100%, 50%, 30% and 10% CK activity and three cardiac cycles at a heart rate of 60min~1
are shown. Both vcy fand vek r are reduced with decreasing CK activity. Beside the

temporal mean values, also the magnitude of cyclic variations of v s are reduced (a).

While cyclic changes in vsy, are small for 100% CK activity and only slightly increased for
50% and 30% CK activity, cyclic variations in vsy, are dramatically increased for 10% CK
activity indicating a stronger challenge of the ATP synthesis system at very low CK

activities.
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Figure 9.
ki’ (t)=vck 1(t)/Cpc(t) of the CK reaction as found with the multi-site exchange model with

enzymatic rate equations (black) and the apparent ks 5’ (t) as estimated by Bloch equation
simulation of the 31P MRS saturation transfer method (red). The estimated values kf.ap'(t) do
not follow the cyclic variations of ks’ (t) and cannot be distinguished from the temporal
average of k¢ (t) indicated by the blue dashed line.
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Figure 10.
Temporal variations of ATP and PCr depending on the heterogeneity of ATP hydrolysis

over the cardiac cycle. The temporal variations of HEPs are maximum for zero ATP
hydrolysis during diastolic heart phase and decrease with increasing amount of ATP
hydrolyzed during diastole.
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Table 1
Parameters used in the study.
Parameter Value Source
CK equilibrium constant [(mmol/L)™]
Keq 1.66*10° (54)
Concentrations [mmol/L]
Catp 7.9 (©)
Cpcr 13.9 (6)
Cer 24.1 (6)
Copi 1.38 assumed
Capp 0.09  Capp=Carp*Ccr/(Keq*Cpcr*[H*])
CK rate constants [1/s]
K 0.33 (6)
ki k*Cpcr/Catp
ATP reaction rates [mmol/L/s]
Vhyd teMp. mean 0.573 (6,55)
Veyn 0.573 equilibrium with vy,yg

A pH of 7.05 was assumed for the calculations.
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Dissociation constants and maximal reaction velocities of the CK reaction used in the study.

Table 2

Parameter

Value

Source

Dissociation constants [mmol/L]
Kia(ATP)

Kin(Cr)

Ky(Cr)

Kig(PCr)

K4(PCr)

Kic(ADP)

K¢(ADP)

Kapp

Kpi

Max. reaction velocity [mmol/L/s]
Vimaxf

Vmax,r

0.9
349

155

473

1.67

0.2224
Kic(ADP)*K4(PCr)/Kig(PCr)
0.025

0.8

41.711

Vmax,f*(Kia*Kb*[H+])/(Keq*Kic*Kd)

(27,30)
(27,30)
(27,30)
(27,30)
(27,30)
(27,30)
(30)
(30)
(30)

ks and equ. [9]
(38)

A pH of 7.05 was assumed for the calculations.
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