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Abstract

Creatine Kinase (CK) is essential for buffering and rapid regeneration of adenosine triphosphate
(ATP) in heart tissue. Herein we demonstrate a 31P magnetic resonance spectroscopy (MRS)
protocol to quantify CK reaction kinetics in human myocardium at 3T. Furthermore we sought to
quantify the test-retest reliability of the measured metabolic parameters. The method localizes 31P
signal from heart using modified 1D image selected in vivo spectroscopy (ISIS) and a time
dependent saturation transfer (TDST) approach was used to measure CK reaction parameters.
Fifteen healthy volunteers (22 measurements total) were tested. The CK reaction rate constant (k)
was 0.32 + 0.05 sec™! and coefficient of variation (CV) = 15.62%. Intrinsic T, for phosphocreatine
(PCr) was 7.36 = 1.79 sec with CV = 24.32%. These values are consistent those previously
reported. PCr/ATP ratio was equal to 1.94 + 0.15 with CV = 7.73%, which is within the range of
healthy subjects. The reproducibility of the technique was tested in 7 subjects and inferred
parameters such as ks and T4 exhibited good reliability (intraclass correlation coefficient (ICC) =
0.90 and 0.79 for k; and Tq respectively). The reproducibility data provided in this study will
enable calculation of power and sample sizes required for clinical and research studies. The
technique will allow for the examination of cardiac energy metabolism in clinical and research
studies providing insight in the relationship between energy deficit and functional deficiency in
heart.
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INTRODUCTION

Heart uses chemical energy in the form of ATP for its systolic and diastolic functions. The
amount of ATP stored in the heart is small therefore there is a constant need for ATP
synthesis and transport for normal cardiac function. CK shuttle plays an important role in
this regard and reversibly converts adenosine diphosphate (ADP) and PCr to ATP and
Creatine (Cr):
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PCr* +MgADP +H" «— Cr4+MgATP?>~ [1]

It functions as an energy reserve and transport mechanism, ensuring that there is an
abundant and immediate ATP supply for contractile work (1). Changes in the CK system are
seen in heart failure indicative of impaired delivery of ATP to energy consuming systems
(2,3) and these changes have been linked with cardiac performance and heart dysfunction
(4,5). CK is one of the first enzymes affected in a pathologic myocardium as evidenced by
decrease in total CK activity and a shift in the expression of its isoenzymes in hypoxia,
coronary occlusion, hypertensive hypertrophy (6-8). Isolated heart studies have shown the
CK reaction rate constant is closely coupled to the rate of ATP production (9) while other
studies have demonstrated that CK forward reaction rate constant correlates with brain
activity (10,11). These findings support the pursuit of reliable and clinically feasible
techniques to measure cardiac CK reaction kinetics.

The CK reaction rate can be measured noninvasively by the saturation transfer (ST) MRS
technique and flux through the reaction is determined using the steady-state PCr levels (12).
This has been extensively studied in animal heart using either isolated perfused hearts or
open chest experiments with the MRS coil directly over the hearts of otherwise intact
animals (9,13-16). Feasibility of measuring CK reaction kinetics in human hearts within
clinically feasible time was first demonstrated at 1.5T magnet using four angle saturation
transfer approach. CK flux was reduced in patients with left ventricle (LV) hypertrophy and
cardiac heart failure (CHF), and the severity of the reduction in CK rate constant was
correlated with the severity of LV dysfunction (17,18). Recently a triple repetition time
saturation transfer (TRiST) method with 1D chemical shift imaging (CSI) localization was
developed at 3T magnet to take advantages of high SNR and spectral resolution (19). In this
study only two repetition times were used to calculate CK reaction kinetic parameters and a
3" acquisition was used to determine basal levels of PCr concentration ([PCr]). Low signal
to noise (SNR) ratio of 31P experiments and imperfections in the excitation flip angles can
make these measurements prone to errors. Furthermore CSI is highly susceptible to cross
voxel signal contamination and could potentially compromise the accuracy of measurements
(20). In addition the test-retest reliability of the parameters of the CK kinetics has never
been experimentally tested.

The purpose of this work was to implement TDST technique at 3T for measuring CK
reaction kinetics in human heart and to assess the test-retest reproducibility of the technique.
In order to achieve these goals we used a signal localization approach which allows
maximum coverage of the heart thus improving SNR. First the experimental parameters,
such as RF pulses and localization efficiency were tested in phantoms. Then the technique
was implemented in a group of healthy volunteers and the repeatability of the technique was
tested in a subset of subjects.

Detailed theory about NMR saturation transfer can be found in several excellent reviews
(21-23). Briefly, a low power saturation pulse is applied to the y-ATP resonance and
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transfer of magnetic label to PCr is measured. The longitudinal magnetization of PCr when
v-ATP peak is saturated is given by:

dMp, (t) _ Afz(;cr — ]\'[PCT (t)
dt T

- kfjwpm (t) [2]

where Ty is the intrinsic relaxation time constant of PCr in absence of exchange, kg is the
forward (PCr — ATP) chemical reaction rate constant of the CK reaction, and A/; , and

Mpc(t) are the fully relaxed and time dependent magnetization of the PCr resonance. The
solution to the modified Bloch equation is given by

M? 1 .
My, (==L (7+kye ™) [

1
where 7 Zﬁﬂff is the apparent relaxation rate constant. A series of spectra with different
saturation times (Tgy)is acquired and < is determined using equation 3. The CK reaction rate
constant can then be determined using the following equation:

Mpe, = Me,
kp= 170 T [4]

PCr

where M77 is the steady state magnetization with y-ATP peak saturated and A77 , is the

PCr Cr

PCr intensity measured without any saturation pulse.

A non-ideal situation may occur if the selectivity of the saturation pulse scheme is imperfect
which will cause unwanted direct saturation of the PCr peak. To accurately measure ki this
direct RF bleed over must be removed from the measurements. First order correction for

spill over is generally achieved by replacing M7 with M7 . where [ is the loss factor,
measured by control spectra obtained by irradiating the spins at the appropriate frequency
contralateral to the PCr resonance i.e. at 2.5 ppm (9,23).

MATERIALS AND METHODS

Experiments were done on Siemens 3T magnet equipped with broadband capabilities
(Siemens Medical Systems Erlangen) using a home built 10 cm 3IP transmit receive RF coil.
All human studies were approved by the Institutional Review Board at Washington
University in St. Louis, and participants provided written informed consent.

Pulse sequence

The schematic diagram of the TDST pulse sequence with modified 1D-ISIS localization is
shown in figure 1. The one dimensional localization technique consisted of two scans. In the
first scan all the spins within the sensitive region of the RF coil were excited with a 90°
adiabatic half passage pulse (AHP). During the second acquisition the spin population
within a defined region of interest (ROI) was inverted with a By insensitive adiabatic full
passage pulse (AFP) in presence of linear field gradients. After the spins were spatially
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encoded, spoiling gradient was applied to dephase any residual transverse component.
Addition of the scans would eliminate the signal from the selected ROl whereas difference
between the two scans would contain the signal from the ROI.

We placed the selected ROI (6 — 8 cm) on the chest and the addition of the two acquisitions
was used to eliminate the signal from the chest leaving the signal from the heart. ROl was
placed on the chest since it is in the most sensitive region of the surface RF coil and allows
the use of short duration AFP pulses at low RF power. The use of adiabatic pulses also
neutralizes the effect of coil loading and no RF calibration was needed before in vivo
experiments. The localization in the other two planes was achieved by the sensitive region of
the surface 31P coil as previously demonstrated (17,18,24).

The calibration of AFP pulse was done using a two compartment phantom consisting of 650
ml 4 cm deep plastic disks containing 150 mM phenylphosphonic acid (CgH;03P) and of
150 mM sodium phosphate (Na,HPO,) solution. Body phantom provided by Siemens was
used to ensure that the coil was loaded similar to the in vivo conditions and coil tuning and
matching was checked before each experiment. ROl was placed on the phantom closest to
the coil mimicking the chest. Area under the peak was used to determine the relative
phosphate concentration and unwanted signal contribution determined as a percentage of the
total signal was typically < 5% (Fig 2). Signal localization was further tested by acquiring a
1D profile of a phosphate phantom in a plane perpendicular to the surface of the coil, i.e. the
signal was detected in the presence of a readout gradient perpendicular to the surface of the
coil. The phantom consisted of 8 cm diameter and 10 cm deep flask filled with 150 mM
sodium phosphate solution. A 2 cm thick slice was placed approximately 2 cm from the
bottom of the phosphate phantom. Other acquisition parameters are as follows: field of view
=40 cm, TR =2 sec, TE = 1 ms, matrix size = 128 and signal averages = 256. 1D-MR
spectrum shows the elimination of signal from the ROI and extent of RF pulse transition
bands with no distortion of signal outside the ROI.

An adiabatic half passage pulse (2.56 ms sin/cos modulated, bandwidth 3000 Hz) was used
for excitation. The pulse was designed to provide a uniform 90° excitation at a distance of at
least 7 cm from the coil. The B field was increased from ~ 0.09 to 1.1 kHz to determine
optimal excitation field strength. Optimal field strength of 0.9 kHz was used for all
experiments to ensure that the pulse was adiabatic over most of the sensitive region of the
coil (Fig 3a). The off-resonance efficiency of the adiabatic excitation pulse was determined
by varying the offset frequency from —500 Hz to 500 Hz with an increment of 100 Hz.
Excitation efficiency was calculated as the resonance amplitude at a given offset frequency
normalized to that of the resonance amplitude at offset = 0. The excitation pulse had
adequate bandwidth (~ 400Hz) to fully excite PCr and y-ATP resonances (~ 120 Hz apart at
3T). The pulse efficiency dropped quickly towards the a- and B-ATP resonances, and these
peaks were not included in the analysis (Fig 3b).

Selective y-ATP peak suppression was achieved by repetitive application of a 100 ms (99
ms on and 1ms off) square pulses which results in narrow suppression bandwidth. The
heating caused by the saturation pulses were tested in a saline phantom in a 25 cm wide by
45 cm long and 18 cm deep beaker containing 4.5 g/L of NaCl to match in vivo loading and
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conductivity properties of the human muscle (e; = 76.4 and o = 0.75m) in accordance with
the American College of Radiology (ACR) body phantom recommendation (25). Body
phantom was used to ensure proper coil loading. Temperature was recorded using a fiber
optic probe at 5 locations with 3 close to the coil and two at ~6 cm above the coil surface.
No change in temperature was measured.

Saturation transfer studies are typically conducted with long relaxation delay (d1) to allow
for complete relaxation of the spins which makes the scanning time prohibitive for in vivo
studies. For a 90° excitation the maximum SNR per unit time is achieved when

d1=1.26 x T,* where 77 (~ 5 sec) is the apparent relaxation time constant of PCr in
presence of chemical exchange (17,24,26). Monte Carlo simulations were done to estimate
the effect of SNR on the calculation of CK reaction kinetic parameters under partial
saturation. The parameters to generate the simulated data correspond to signal acquired from
in vivo heart spectrum and consisted of 512 complex data points. A Gaussian noise with a
zero mean value and a variance o was added (on both the real and imaginary parts). We
synthesized 3P signals with SNR = 10, 15, 20, 30, 40, and 50, where SNR was defined as
the area under the PCr peak over noise. A set of 25 FIDs were simulated for each SNR. We
also used the following simulation parameters k¢ = 0.3 sec™, T; = sec.

Studies in Leg

Calf-muscle studies (n = 2) were used to test whether the TDST measurements with short d1
yield that same values of the CK reaction kinetics as the conventional fully relaxed
saturation transfer method. Saturation transfer data sets were acquired with 20 sec and 6 sec
relaxation time. Other acquisition parameters were: T = 0.2, 0.4, 0.7, 1.3, 2.5, 4, and 6 sec,
receiver band width = 3000 Hz and 512 acquisition points were acquired.

Studies in heart

15 volunteers (13 male 2 female) (mean age + SD = 40.87 £ 13.67 years) participated in this
study (Table 1). 31P surface coil was positioned on the chest with the center of the coil just
below the mitral valve of the heart using proton scout images. A small fiducial placed at the
center of the RF coil was used as a marker to adjust the positioning of the coil relative to the
heart. A non-localized 31P spectrum was then acquired and RF transmit frequency was
centered on the PCr resonance. TDST data was acquired with T, = 0.2, 0.4, 0.7, 1.3, 2.5, 4
and 6 sec, relaxation delay = 6 sec, receiver bandwidth = 3000 Hz, and 48 signal averages.
Non-saturated spectra were also acquired with repetition time of 6 and 12 sec. The strength
of off resonance spillover was estimated by applying the saturation pulse at +2.5 ppm. Total
data acquisition time was approximately 1 hour.

To assess the repeatability of measurement a subgroup of subjects (n = 7; 6 males 1 female),
were scanned twice. Three subjects were scanned same day. One subject was removed and
then returned to the scanner several minutes later. The other two subjects were not removed
from the scanner however the localizer images, shimming and frequency was verified
between the measurements. Four other subjects were scanned within the 60 days of their
initial visit.

NMR Biomed. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bashir and Gropler

Page 6

Data Analysis

Spectra were processed offline using the jMRUI (Java-based magnetic resonance user
interface) software. Spectra were fitted in time domain by using a nonlinear least-squares
algorithm (AMARES) (27,28). ATP, PCr, inorganic phosphates (Pi), 2,3-
diphosphoglycerate (DPG), inorganic phosphate, and phosphodiester (PDE) signals were
fitted to Lorentzian line shapes. For unsaturated spectra the three ATP peaks were fitted as
two doublets and one triplet, with equal amplitudes and line widths and prior knowledge for
the J -coupling constant (29). The value for the y-ATP peak was corrected for blood
contamination as described previously (30). y-ATP doublet was not included when model
was fit to saturation transfer data. When fitting the TDST data the PCr linewidth was
constrained to the linewidth of control spectra obtained from unconstrained fit. The PCr

peak intensity was then fit to Eq. [3] in MATLAB to calculate A7’ , and <, with 77
determined from non-saturated spectra corrected for partial saturation. Blood contains no
observable PCr hence no correction is needed for these calculations. All values reported are
mean + standard deviation. Absolute concentration of PCr was calculated with the
assumption that ATP concentration is 5.5 pPM/g in healthy hearts (18).

Statistical Analysis

RESULTS

Results are expressed as mean * standard deviation. The percentage coefficients of variation
[CV (%) = (standard deviation/mean) x 100] was calculated to determine the reproducibility
of the technique. Assessment of repeatability was also determined by the methods outlined
by Bland and Altman and the coefficient of repeatability was calculated by multiplying the
standard deviation of the differences by 1.96 (31). Test-retest reliability was analyzed using
the intraclass correlation coefficient (ICC). Values are expressed as mean + standard error of
the mean unless otherwise stated.

Monte Carlo simulations show that for SNR > 30 observed in vivo, the errors in CK reaction
kinetic parameters would be less than 2% and CV = 6.5% and 9.0% for ks and Ty
respectively (Fig. 4). As SNR increased to 50 the errors reduced to less than 1% and CV
below 5% for both parameters. For SNR of 5, lowest tested in these simulations, the errors
increased to 4.3% and 31.5% for ks and T respectively. Although the error remains small for
the CK rate constant the standard deviation of the estimate rises to 29.1%.

Skeletal muscle studies show that PCr signal intensity as a function of T decays
exponentially for both d1 = 20 sec and 6 sec and similar steady state magnetization is
achieved as long as y-ATP is fully saturated (Fig. 5). Mean ks determined for the two
protocols were the same 0.44 + 0.02 sec™ and 0.42 + 0.01 sec™! respectively. However, the
short d1 measurement resulted in 63% saving in scanning time based on our protocol. These
measurements are in agreement with previously reported results in skeletal muscle (29,32).
Furthermore Xiong et al. have demonstrated that the choice of relaxation delay does not
impact the measurement of ks and optimal delay can result in significant saving in
experimental time (16).
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Scout image of the heart and location of ROI to eliminate the signal from the chest muscles
is shown figure 6a and 6b. When no ROI is used the high PCr/ATP (>3) indicate unwanted
signal contribution from the chest muscles (Fig. 6¢). Typical 31P spectra of the heart without
saturation, with saturation of y-ATP peak, and with control irradiation from a subject are
shown in figure 6d — 6f respectively. The PCr signal is significantly reduced when the v-
ATP signal is irradiated because the saturated y-ATP peak does not contribute to the PCr
signal via the CK reverse reaction. When control irradiation is applied a small decrease is
seen in the PCr peak intensity due to direct spillover effect. The stack of TDST spectra and
example of data fitting for the forward CK reaction rate constant (ks) are shown in figure 7.

Based on all measurements (including repeats) the k¢ values for heart were found to be 0.32
+0.05 sec™! with CV = 15.62%. Intrinsic T, for PCr in absence of exchange was 7.36 + 1.79
sec with CV = 24.32%. This is consistent simulation results which showed higher CV for T,
calculation. The PCr/ATP ratio was 1.94 + 0.15 which is in the range for control subjects
and the [PCr] = 10.48 + 0.81 uM/g wet weight which is comparable with previous reports.
CK flux was calculated using the equation CKgx = ki.[PCr] and was = 3.29 + 0.62 (uM/
g.sec). Test-retest showed good reproducibility of CK reaction rate constant with an ICC =
0.90 and a repeatability at 5.67%. Similarly good reproducibility was observed for T, (ICC
=0.79) and PCr concentration (ICC = 0.86). The results are summarized in Table 1 and
Bland—Altman plots of the test-retest experiments are shown in Fig. 8.

DISCUSSION

We have implemented TDST method to measure first order CK reaction rates in human
hearts at 3T. The strategy resulted in effective signal localization from the heart, SAR within
FDA guidelines, and optimal data acquisition within the constraints of a clinically
acceptable scan time (~1 hour). CK flux and k reported here are similar to the published
values in human heart (17-19). Based on all measurements CV of the CK reaction rate
constant was = 15.2%. Test-retest studies showed good reliability with ICC = 0.90 and 0.79
for ks and T, respectively. The CV of PCr/ATP ratios in our study is similar to previously
reported results.

The TDST implementation used in this study offers several advantages. (i) By eliminating
the signal from chest muscles we were able to maximize the volume of the heart tissue that
contributes to the NMR signal leading to increased SNR. (ii) The determination of
relaxation rate constant is not dependent on the precise flip angle of the excitation pulse as
long as each data point has the same B1 weighting. This was ensured by using the same
relaxation delay hence the same steady state is achieved before saturation pulse. (iii)
Relaxation delay of 6 sec allowed us to optimize SNR and also ensure that SAR is kept well
below the FDA guidelines. In high field studies where SAR may become a limitation hence
d1 can be adjusted to limit RF power deposition.

The results show good reproducibility of the CK reaction kinetic parameters however our
subject consisted of mostly healthy males. Several factors might reduce the reproducibility
of the technique, such as heart failure, where the CK reaction rate constant is slower and/or
the PCr concentration may also be reduced. In addition the size of the subjects (such as
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obese or female subjects) may also affect the measurements due to the distance of the heart
from the surface coil which can reduce the available SNR. We used a 10 cm surface coil and
similar or smaller size coils have been used in previous cardiac 31P MRS studies, (17,18,24)
however studies in obese subjects will require larger RF coil optimized for the subject
population. The measurements highlight the errors inherent in the technical acquisition and
processing of the data. Simulation studies indicate that SNR of over 20 is desirable to
achieve this level of reproducibility. Typical SNR ranged from approximately 20 for spectra
with Tey = 6 sec to over 45 for spectra without any saturation. Even though a small number
of subjects were used for reproducibility measurements this data is still crucial for design of
future clinical studies and will enable power calculations to determine appropriate sample
sizes to reveal differences in the groups.

A 10 cm surface coil has sufficient coverage to allow acquisition of signal from the
myocardium but it might be susceptible to contamination from the lateral chest muscles. A
smaller coil would be less susceptible to contamination from the lateral wall but will suffer
from reduced SNR due to poor depth coverage. Most of cardiac 3P studies use surface coils
ranging from 9-12 cm and a central placement of the coil reduces the contamination from
the lateral walls. Another consideration is the transition bands of the AFP pulse can cause
signal loss from the myocardium. Although this loss is small in two compartment phantom
studies however it needs to be quantified for absolute measurement of [PCr] and [ATP] in
Vivo.

Compared to 1.5T magnet the 3T offers two significant advantages, increased SNR and
chemical shift dispersion (33). Increased chemical shift improves the ability to saturate v-
ATP while minimizing the spillover to the PCr peak. We use a near continuous low power
RF pulse to saturate y-ATP. This produces a narrow suppression band at the desired
frequency and is attractive to minimize spillover. We did observe direct small spillover
effect on the PCr peak. Analysis of exchange modified Bloch equations demonstrate that
errors caused by spillover are small for ki when the spillover is under 20% (17). Recently the
feasibility of human heart 31P MRS was demonstrated at 7T, (34) which has several
advantages such as shorter Ty relaxation time of 31P metabolites, higher SNR and increased
chemical shift. However 3T magnet is still the most widely used system for clinical research
and implementation of cardiac saturation transfer spectroscopy at 7T still need to overcome
several challenges especially increased SAR.

Besides PCr, saturation of y-ATP showed a small decrease in 3- and a-ATP peaks. This has
been observed before in heart and brain 31P saturation transfer studies (35,36). The
mechanisms behind this phenomenon were investigated in a recent study (37). The decrease
in B-ATP by saturating y-ATP may result from simultaneous saturation of nearby 3-ADP
peak which exchanges with B-ATP during reactions catalyzed by CK and ATPase and also
be chemical exchange between y- and B-ATP catalyzed by adenylate kinase reaction. The
study also identified that the reason of decrease in a-ATP signal intensity comes from the
negative 3P Nuclear Overhauser effect (NOE) among the y-ATP, B-ATP and a-ATP spins
in situ. However these effects are small and should not significantly affect the measurements
of the chemical exchange fluxes.
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Lack of experimental quantification of [PCr] is a major limitation of this study. [PCr] was
based on the assumption that in vivo ATP concentration is highly regulated and similar
approach has been used previously (38—40). However, reports have shown that [PCr] is
reduced in hypertrophied and in failing human myocardium and both absolute [ATP] and
[PCr] are reduced in dilated cardiomyopathy. Age related changes in PCr and ATP
concentrations in human myocardium have also been observed (18,41-43). These studies
highlight the importance of measuring absolute [PCr] in disease state. However numerous
studies have shown that ks is a more sensitive and early indicator of pathology than steady
state metabolite concentrations (9,14,18). Alterations in PCr and ATP do not affect the
measurement of ke however [PCr] will affect the absolute flux through the CK reaction.
Future studies should include measurement of [PCr] and [ATP] as these combined with k;
would provide a complete picture of bioenergetic abnormalities.

We did not use any respiratory gating or cardiac gating in this study and most previous
saturation transfer studies in heart have been conducted without respiratory and cardiac
gating (17,18). Respiratory motion can cause the chest to move outside the ROI reducing the
efficiency of the localizations. In order to reduce breathing artifacts we acquired several free
breathing scout images and the ROI was placed to accommodate for any breathing related
motion. Similarly cardiac gating was not employed since experimental restrictions (fixed
duration saturation pulses) do not permit cardiac gating. Cardiac motion can potentially
increase the line width of the spectral peaks however good quality spectra were obtained
without gating.

Cardiac 3P MRS suffers from inherent SNR limitations and studies have been mostly
limited to measurement of steady state value of PCr/ATP ratio. We have demonstrated a 31P
ST MRS which provides accurate measurements of in vivo cardiac CK forward rate constant
and flux in human heart. This reproducibility data will enable calculation of the power and
sample sizes required for clinical and research studies. Future studies may provide new
insights in the relationship between energy deficit and functional deficiency in heart.
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CK Creatine kinase
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PCr Phosphocreatine
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Figure 1.
(a) Schematic Pulse sequence for time dependent magnetization transfer using 1D-ISIS

localization. The selective spectral saturation is achieved by a low power RF pulse centered
on the y-ATP resonance. Saturation times are varied by looping over the saturation pulse
with 1 ms gap between the successive pulses. An adiabatic full passage pulse immediately
follows the saturation pulse train for ISIS localization. Spoiling gradients are used before
excitation to disperse any residual transverse magnetization.
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Figure 2.
(a) Image of two compartment phantom showing the location of the RF coil. The shaded

region represents position of ROI. (b) Front spectrum shows the signal from the phantom
without any localization and a large peak from phenylphosphonic acid compartment closer
to the RF coil is visible. Spectrum in the back is the result of addition of two spectra with
and without the inversion of spins in the selected ROI. The addition of the two spectra
shows almost complete suppression of spectral peak from phenylphosphonic acid. (c) The
image of the phantom, location of ROI and 1D-spectrum. Red spectrum shows the signal
without saturation band and the signal in the selected ROI is eliminated when the saturation
band is placed. The decaying profile of spectrum represents the loss of sensitivity of the
surface coil with distance from the coil.
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Figure 3.
(a) Spectrum demonstrating calibration of AHP pulse. Spectrum amplitude initially

increased with By field strength and reached a maximum value at By = 0.7 kHz. Further
increase in B4 did not affect the spectral peak intensity confirming uniform 90° excitation
over the region of interest. (b) Plot shows the frequency dependence of AHP pulse. The
adiabatic conditions were met in ~400 Hz around the resonance frequency. This bandwidth
is appropriate to simultaneously quantify PCr and y-ATP which are approximately 120 Hz
apart at 3T.
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Figure 4.

Mean CK reaction rate constant (kf) (a) and T4 (b) and corresponding standard deviation are
shown as a function of SNR from Monte Carlo simulations. Although the percentage error is
small even for low SNR the standard deviation in the measured reaction rate increases.
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Figure5.
(a) Representative TDST spectra from the leg. The PCr peak intensity decreases as the

saturation time for y-ATP is increased. (b) Data and fitting results shown for long (d1 = 20
sec) and short (d1 = 6 sec). The plots show similar apparent relaxation rate constant and
steady state magnetization. Short TR acquisition resulted in 63% time savings for the
experiment.
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Figure®6.
Sagittal (a) and axial (b) reference images of the heart and placement of the ROI. (b) A

small fiducial marking the center of the RF coil is visible in the images. (c) Spectrum
without localization shows a large PCr peak relative to ATP indicating signal arising from
the chest muscles. (d) Typical spectrum from heart without selective RF irradiation detailing
the peaks of PCr, ATP, PDE and 2,3 DPG. (e) Representative spectra from a saturation
transfer experiment when y-ATP peak is saturated. The decrease in PCr peak is due to the
transfer of saturation between y-ATP and PCr through the CK reaction. (f) Control spectrum
with selective RF irradiation at 2.5 ppm. The arrows identify the frequency of the saturating
irradiation. The dotted line gives a visual cue of direct saturation of PCr peak due to
imperfect selectivity of saturating pulse.
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Figure7.
(a) Example spectra representing a TDST experiment from the heart. The PCr peak intensity

decreased as the saturation time (Tgy) was increased. The decrease in PCr peak is due to
ATP production via CK reaction. (b) Calculation of apparent PCr relaxation time constant

() and the steady state PCr magnetization (M7, ).
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(b)

Mean

Individual data for ks (2) and T4 (b) during each test. Bland-Altman plots of the repeatability
between the measurements of the same subject (c) ks and (d) T;.
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