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Abstract
Human cardiac phosphorus MR saturation transfer (ST) experiments to quantify creatine kinase
(CK) forward rate constants (kf) have previously been performed at 1.5T. Such experiments could
benefit from increased signal-to-noise ratio and spectral resolution at 3T. At 1.5T, the four-angle
ST method was applied with low-angle adiabatic pulses and surface coils. However, low-angle
adiabatic pulses are potentially problematic above 1.5T due to bandwidth limitations, power
requirements, power deposition and intra-pulse spin-spin decay. For localized metabolite spin-
lattice relaxation time (T1) measurements, a dual repetition time (2TR) approach with adiabatic
half-passage pulses was recently introduced to solve these problems at 3T. Because the ST
experiment requires a T1 measurement performed while one reacting moiety is saturated, we adapt
the 2TR approach to measure kf using a Triple Repetition time ST (TRiST) method. A new pulsed
saturation scheme with reduced sensitivity to static magnetic field inhomogeneity and
compatibility with cardiac triggering is also presented. TRiST measurements of kf are validated in
human calf muscle against conventional ST, and found to agree within 3%. The first 3T TRiST
measurements of CK kf in the human calf (n=6), chest muscle and heart (n=8) are: 0.26±0.04s−1,
0.23±0.03s−1 and 0.32±0.07s−1, respectively, consistent with prior 1.5T values.
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Introduction
Saturation transfer (ST) magnetic resonance spectroscopy (MRS) techniques enable the
measurement of in vivo chemical reaction kinetics (1). The creatine kinase (CK) reaction has
been studied in humans with phosphorus (31P) ST MRS in the brain (2,3), skeletal muscle
(4–8), and the heart (2,9). The CK reaction is the primary energy reserve of the heart. It
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reversibly transfers high-energy phosphate between adenosine triphosphate (ATP) and
phosphocreatine (PCr) through:

[1]

where kf and kr are the pseudo-first-order forward and reverse rate constants, respectively. In
skeletal and heart muscle, the CK reaction putatively shuttles high-energy phosphate
between the mitochondria, where ATP is created, and the myofibrils, where it is used. The
four-angle saturation transfer (FAST) method enabled for the first time studies of CK
kinetics in human heart at 1.5T (4), and to date remains the only localized ST method
applied in patient studies (9–11). FAST demonstrated significant reductions in the forward
ATP flux through CK in heart failure patients, even before a significant decline in ATP
concentrations was observable (9,11). Because saturation transfer 31P MRS might benefit
significantly from an increased signal-to-noise ratio (SNR) and chemical shift dispersion at
3T, as compared to 1.5T (12–14), it is desirable to extend ST methods to human studies at
3T.

The effect of including chemical exchange in the Bloch Equations was first analyzed by
Forsén and Hoffman (1). For the CK reaction, a two-site model of chemical exchange
between PCr and the γ-phosphate resonance of ATP (γ-ATP) is typically assumed (reaction
[1]). In the ST experiment the γ-ATP resonance is saturated by frequency-selective
irradiation, reducing its magnetization to zero. As a result, the equilibrium longitudinal
magnetization of PCr is reduced from M0,PCr to M0,PCr′ and the spin-lattice relaxation time
(T1) of PCr is reduced from T1,PCr to an apparent T1,PCr′, due to the chemical exchange of
PCr with the saturated γ-ATP phosphate, where primes denote measurements performed in
the presence of saturation. The longitudinal magnetization of PCr at time t while γ-ATP is
saturated, MPCr′(t), is then given by:

[2]

with  and 

where  is the intrinsic longitudinal relaxation time, defined as the T1 that would result
in the absence of any exchange. The reaction rate is then given by:

[3]

In practice, because the frequency selective saturation of γ-ATP may spillover into the PCr
resonance, M0,PCr is typically measured with the same saturation applied at an equal spectral
distance on the opposite side of the PCr resonance as a control (15–17). Thus, determination
of kf requires measurements of T1,PCr′, M0,PCr′, along with M0,PCr acquired with control
saturation.

In the FAST method for measuring human CK kinetics at 1.5T (4,9–11), all of the variables,
T1,PCr′, M0,PCr′ and M0,PCr, are derived from partially-saturated measurements using the
dual-angle method (18), applied twice in a total of four acquisitions. The availability of low-
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angle adiabatic B1-independent rotation (BIR-4) pulses (19) or BIR-4 phase-corrected
(BIRP) pulses (20) to provide precise flip-angles over the sensitive volume of interest, is
central to the success of this protocol when applied with the non-uniform radio frequency
(RF) fields (B1) afforded by surface coil excitation. However, the use of BIR4 or BIRP
pulses with surface coil excitation is challenging at higher fields due to their high RF power
requirements and the correspondingly high local RF power deposition near the coil (21).
Increasing the pulse duration reduces the power, but limits the excitation bandwidth and can
confound quantification with flip-angle dependent spin-spin relaxation (T2) effects (21).
Moreover, we recently showed that a dual repetition time (2TR) sequence using frequency-
sweep cycled (FSC) adiabatic half-passage (AHP) 90° pulses, overcomes these problems,
permitting accurate, efficient T1 measurements at 3T (21). Because accurate T1s are needed
for calculating kf, we now adapt this 2TR approach to the measurement of CK reaction rates
in the human heart at 3T.

We present here a new method of performing ST 31P MRS suitable for localized
measurements of CK reaction kinetics at higher fields, wherein the variable BIR4/BIRP
pulses are replaced by AHP pulses and variable repetition periods, TR, while retaining the
scan-time efficiency of FAST. T1,PCr′ and M0,PCr′ are measured by the 2TR method with γ-
ATP saturated, and M0,PCr is measured with a third, fully-relaxed AHP acquisition during
control saturation. Thus, the total number of acquisitions reduces from the four in FAST, to
three with this Triple Repetition time Saturation Transfer (TRiST) method. In addition, a
pulsed saturation scheme is presented which is less sensitive to static magnetic field (B0)
inhomogeneities than the continuous irradiation used with FAST (4–8), and more amenable
to cardiac triggering. The TRiST method is validated by comparison with conventional
saturation transfer kf measurements performed in human calf muscle. TRiST is combined
with one-dimensional chemical shift imaging (1D CSI) to obtain the first 3T measures of
CK kinetics in the human heart.

Methods
Calculating kf from TRiST

In the TRiST experiment one measures the partially saturated magnetization Mz,PCr′(TRshort)
and Mz,PCr′(TRlong) at short (TRshort) and long (TRlong) repetition periods in the presence of
saturating irradiation applied to the exchanging CK moiety, γ-ATP at −2.5ppm, relative to
PCr. Then M0,PCr is measured fully-relaxed in the presence of control irradiation applied at
+2.5ppm. T1,PCr′ is obtained from Mz,PCr′(TRshort) and Mz,PCr′(TRlong) according to the 2TR
method (21). Because there is no closed form solution for T1 measured by the 2TR method,
T1,PCr′ is determined from a look-up table for the ratio R = Mz,PCr′(TRlong)/Mz,PCr′(TRshort)
generated for each experiment where:

[4]

With the value of T1,PCr′ in hand, the fully-relaxed M0,PCr′ is just Mz,PCr′(TRshort)/(1-exp(-
TRshort/T1,PCr′)). The rate constant kf is then determined from Equation [3].

Error analysis and choice of TRs
Monte Carlo simulations were performed to estimate the effect of low 31P SNR on kf
determinations. Gaussian noise with a standard deviation (SD) of σ =0.16M0,PCr per
acquisition was added 2000 times to the three acquisitions, Mz,PCr′(TRshort), Mz,PCr′(TRlong),
and M0,PCr in Equations [3] and [4]. The TR of the fully-relaxed M0,PCr measurement
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(TRcontrol) was varied from 12s to 25s. The chosen σ corresponds to a realistic PCr SNR of
the heart of ~30 in a 1D CSI acquisition performed without saturation at TR=16s, with 16
phase-encoding steps, two averages and 1 cm spatial resolution. A full range of
combinations of the number of averages (NA) and cardiac-gated TRs that resulted in a fixed
total scan time of 38±0.2 minutes for the three acquisitions were evaluated. This was the
same scan time as used for the four FAST experiments (9). NAs were chosen as multiples of
2 as required for the FSC AHP pulses (21).

The simulations were performed over the expected range of kf from 0.1 to 0.4s−1 (9,11),
assuming T1,PCr=5.8s for the control measurement (21). T1,PCr′ was determined from

Equation 2 assuming  for cardiac PCr, dependent of kf. The mean (bias) and the
standard deviation (scatter) of the difference between the simulated kf, and the input kf, for
all 2000 determinations of kf, at each of 185 combinations of TRs, and NAs were determined
and expressed as a percentage of the input kf.

Frequency selective saturation
Candidate schemes for frequency-selective saturation include: low power continuous RF
(2,4–6); pulse trains of multiple hyperbolic secant pulses (3); and a Delays Alternating with
Nutations for Tailored Excitation (DANTE) (7,8,22) pulse train of short hard pulses.
Continuous low power irradiation produces a narrow suppression band at a single frequency.
Dividing the irradiation into DANTE sub-pulses leads to aliased suppression bands at
frequency intervals given by the inverse of the sub-pulse repetition time. To keep these
aliased suppression bands away from the spectral peaks of interest (in this case PCr), the
sub-pulse repetition time has to be chosen sufficiently short. However, saturating with a
train of DANTE sub-pulses does enable the scanner to check for an electrocardiographic
(ECG) R-wave (23) in between them for cardiac triggering (Figure 1). After applying the
DANTE pulse train for a period given by the minimum TR minus the trigger delay and the
acquisition time, the system checks for R-waves. Once an R-wave is detected, the pulse train
continues for the trigger delay period.

The suppression band at the target frequency is rather narrow at low irradiation power for
both the DANTE pulse train and for a continuous irradiation. This is desirable to minimize
spillover irradiation onto the PCr resonance frequency. However, at 3T, B0 inhomogeneity
over the heart deteriorates due to the higher susceptibility as compared to 1.5T. This
compromises the ability to saturate the γ-ATP resonance everywhere in the heart. To
broaden the saturated frequency span, the amplitude of the DANTE pulse train is modulated
according to the flip-angle function α(k):

[5]

to generate multiple adjacent suppression bands (24). Here k counts the sub-pulses, m is the
number of suppression bands, δ is the frequency separation [Hz] between them, β is the
average sub-pulse flip-angle per suppression band, and τ is the repetition time [s] of the sub-
pulses. Figure 1 shows the resulting RF wave-form.

The frequency selectivity of the saturation irradiation was first tested with numerical
calculations of the longitudinal magnetization based on the Bloch equations with no
chemical exchange, normalized with M0,PCr=1. Saturation was applied for 20s with m=1 or
m=5, δ=9Hz, and τ=0.91ms. The following observed 3T relaxation times were used for γ-
ATP and PCr respectively: T1=3.1s and 5.8s, corresponding to human heart (21); and
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T2=78ms and 334ms based on calf muscle (25). The flip-angle β was increased until the
normalized Mz of γ-ATP was below 0.05 for a bandwidth of at least 40Hz. Using the same
irradiation settings, the Mz of PCr was determined 130Hz off-resonance from the center of
the saturation band to estimate the strength of the spillover saturation during control
irradiation. Spillover Q was quantified as the ratio between M0,PCr acquired with and
without control saturation (4). The saturation pulse sequence has to saturate γ-ATP
magnetization at a distance of up to ~9cm from the coil. At areas close to the coil, the B1
field gradient of the transmit coil is such that the transmit B1 field strength is about 6 times
larger than the saturation threshold at 9cm (21). As a consequence, Q increases
monotonically with depth from the coil. Therefore, Q was also calculated at flip-angles 6
times larger than the β determined above.

Human studies
Human studies were approved by the Institutional Review Board at Johns Hopkins
University and all participants provided written informed consent. The TRiST sequence was
implemented on a 3T Achieva whole body scanner (Philips Healthcare, Best, The
Netherlands) with broadband capabilities. The amplitude modulated DANTE saturation
scheme as described above with m=5 and β=0.9° was implemented with hard sub-pulses of
100μs duration. After the saturation train, magnetization was excited with a 5ms FSC tan/
tanh-modulated adiabatic half passage pulse (21), and 512 data samples acquired with a
bandwidth of 3000Hz. As soon as the acquisition was finished, the DANTE saturation was
restarted. A custom-made dual transmit and receive 31P surface coil set with a calibrated
transmit RF field of 25μT at 9cm depth (21) was used for all 31P MRS acquisitions which
were performed within FDA guidelines for specific absorption rate (SAR).

Saturation transfer measurements are reported for the calf muscle of six (age = 40±9 years, 2
women) and the hearts of eight (age = 30±9 years, 4 women) healthy volunteers. In all
studies optimal coil position was confirmed by proton MRI prior to performing TRiST. This
was followed by localized second-order shimming based on acquired B0-maps (26). A non-
localized 31P spectrum was then acquired to center the RF transmit frequency between the
PCr and the γ-ATP resonances, and to determine the saturation frequency at the γ-ATP
resonance, followed by the TRiST protocol.

Leg studies
Non-localized (NL) acquisitions for comparing TRiST with conventional ST measurements
were performed with and without control saturation using a TR of 25s (NA = 4; dummies,
DU = 2 to establish a steady-state) and with γ-ATP saturation using a set of seven TR values
of 0.75s (NA=30; DU=22), 1.5s (NA=8; DU=10), 2.5s (NA=4; DU=6), 4s (NA=2; DU=4),
6s (NA=2; DU=4), 10s (NA=2; DU=2), and 16s (NA=2; DU=2) to enable determination of
T1,PCr′ by conventional partial saturation (PS). Additionally 1D CSI with sixteen 1-cm thick
slices was performed with and without control saturation at TR=25s (NA=2, DU=2) and
with γ-ATP saturation at TRs of 1.5s (NA=8, DU=10) and 10s (NA=2, DU=2). Scan time
duration prohibited acquisition of additional 31P 1D CSI data sets with different TR values
for comparing localized TRiST measures with localized conventional saturation transfer kf
values. The initial acquisitions recorded without saturation were used for centering the
saturation frequency on the γ-ATP resonance, and for determining Q.

Heart studies
For cardiac studies axial cine images were acquired during free breathing to determine the
trigger delay for acquisition at end-systole. Cardiac-triggered 1D CSI was performed with
sixteen phase encodes over a 16cm field of view (nominal slice thickness of 1cm) on
volunteers oriented prone with the heart above the 31P coil set. As above, a first data set was
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acquired without saturation to center the saturation frequency on the γ-ATP resonance in a
slice with signal from the heart, and to provide an unsaturated control spectrum for
measuring Q and for potentially measuring metabolite concentrations (9). Next, the 3 TRiST
data sets were recorded with control saturation at TRcontrol ≥ 16s (NA=2; DU=2), and with
γ-ATP saturation at a TR corresponding to 2 heart beats (TRshort; NA=18; DU=12), and
another of at least 10s (TRlong; NA=8; DU=2). The average TR of each triggered data set is
determined from the scanner’s physiology log files.

Data analysis
Data from the same 1D CSI slices from the same volunteer were processed identically. PCr
signals were measured from peak heights after subtracting the baseline. The baseline was
automatically determined as the line between the minima on either side of the PCr peak. The
7-point NL conventional PS saturation transfer data from calf muscle were fitted to a two-
parameter curve,

[6]

to determine T1,PCr′ and M0,PCr′. M0,PCr is given by the TR=25s acquisition with control
saturation. For TRiST, the values of T1,PCr′ and M0,PCr′ were determined with the 2TR
method using the NL spectra acquired with TR=1.5s and 10s from the same data set. For the
1D CSI data, T1,PCr′ and M0,PCr′ were determined using the 2TR method and the two 1D
CSI data sets with γ-ATP saturated, while M0,PCr was determined from the data set acquired
with control saturation which was assumed to be fully-relaxed. kf was calculated using
Equation [3]. In each heart study, the results for 1D CSI slices covering the chest and the
heart were averaged, while slices in between consisting of both chest and heart tissue as well
as cases where Q<0.5 in the heart were discarded. All data are reported as mean ±SD. Paired
t-testing was used to determine the significance of differences between conventional and
TRiST measures of T1,PCr′ and kf in the same subjects. Non-paired t-testing was used to test
the difference between the TRiST measures of kf in the leg and the chest acquired in different
subjects. A p≥0.05 was considered non-significant (ns).

Results
First, numerical calculations were performed to assess the utility of the modified DANTE
pulse train for ST studies. The results are summarized in Table 1 and Figure 2. To achieve
sufficient saturation (Mz,γ-ATP<0.05) over a band of 40Hz, an irradiation flip-angle β of 5.1°
and 0.9° for the constant (m=1) and amplitude modulated (m=5) irradiation, respectively, are
required. Amplitude modulated irradiation leads to reduced spillover (i.e. higher Q) both
close to the coil (0.45 vs. 0.11) and at 9cm into the tissue (0.93 vs. 0.81), as compared to an
unmodulated DANTE irradiation (Table 1). Figure 2 shows the calculated normalized
longitudinal magnetization Mz,γ-ATP after applying the DANTE frequency selective
saturation for 20s. Figure 2a demonstrates the difference between a DANTE pulse train with
constant amplitude (m=1) and with amplitude modulation (m=5) as used in the human
studies and applied with the β=0.9° flip-angle. Figure 2b plots normalized computed
Mz,γ-ATP overlaid over a cardiac 31P spectrum. Breaking up the saturation into sub-pulses
with a repetition time τ=0.91ms leads to aliased saturation at 1100Hz, which lies outside of
the spectral region of interest.

The results of the Monte Carlo simulations are exemplified in Figure 3 for TRshort =1.7s.
They show that for cardiac acquisitions, TRshort=1.7s, NA=18; TRlong=10s, NA=8; and
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TRcontrol=16s, NA=2, result in an average relative % SD in kf over the range 0.1–0.4 s−1 of
13.4%, reflecting the SNR assumed for these simulations. This introduces an average bias
error that underestimates kf by only 4.1%. The results of Figure 3 are not appreciably
affected by reducing TRshort to ~0.85s even though the particular combinations of TR and
NA that minimize the relative error vary in order to conserve the fixed scan-time constraint.
Thus, with TRshort=0.85s, for example corresponding to one cardiac period, NA doubles to
36; while TRlong=10s, NA=8; TRcontrol=16s and NA=2 are unchanged, resulting in
essentially the same average relative % SD in kf of 12.1% and bias of 4.1%.

For validation purposes, T1,PCr′ was determined with both the 7 point PS and the 2TR
methods in NL calf muscle experiments. Figure 4 plots the measured PCr peak heights of
the seven acquisitions and the resulting mono-exponential T1,PCr′ fits from one volunteer.
On average over all volunteers, T1,PCr′ was 2.37±0.21s with the NL 7 point PS method, and
2.29±0.22s with the NL 2TR method, a difference in means of only 3% (p=ns). The
maximum difference in T1,PCr′ for the two methods in a single volunteer was 6.1%. The
acquisitions required to measure T1,PCr′ using the 7 point PS method were recorded in a total
of 253s, as compared to 67s for TRiST for a 73% savings in scan-time for this measurement.
Mean kf determined non-localized with PS and TRiST in calf muscle were the same at
0.25±0.04s−1 and 0.26±0.04s−1 (p=ns), respectively.

Next, TRiST was combined with 1D CSI in leg to test whether it yielded the same localized
kf values. Figure 5 shows a representative TRiST dataset acquired in the leg of the same
volunteer as the data shown in Figure 4. Figure 6 plots kf measured NL in the calf for all
volunteers using both conventional PS ST and TRiST, along with localized 1D CSI results
from the calf muscle using TRiST. The localized 1D CSI results in the calf muscle agree
with the NL results demonstrating that this localization scheme does not adversely affect
TRiST (Figure 6).

TRiST with 1D CSI localization was then applied to the torso to measure kf in the human
heart. Figure 7 shows a TRiST dataset from a 1D CSI localized slice in the heart of a
volunteer. The localized TRiST 1D CSI kf values from the chest and hearts of the 8
volunteers are included in Figure 6. In chest muscle TRiST yielded an average value of
kf=0.23±0.03s−1in these volunteers, consistent with that of calf muscle (p=ns). In the heart
kf was 0.32±0.07s−1, and T1,PCr′ was 2.3±0.6s (n=8). By applying Equation [2] to each

subject, this yields , consistent with that used for the Monte Carlo analysis.
Q, an index of the effect of spillover radiation on PCr, as measured in the same acquisitions
is shown in Figure 8. In the calf, mean Q went from 0.5 close to the coil to around 0.9 at a
depth of 9cm, consistent with the calculations (Table 1). Similarly, in the torso Q was 0.7 in
the chest muscle and 0.9 deeper at the level of the heart. The total acquisition time for the
TRiST experiments was 44±1 min, and the total exam time, including initial (re-)positioning
of the volunteer, survey imaging and the no-saturation acquisition used to determine Q was
75±10 min. However, the no-saturation acquisition serves double-duty in providing the basis
for quantifying metabolite concentrations, so that the forward CK flux, which is the product
of kf and [PCr], can be obtained from this same exam (9–11).

Discussion
We have presented a new saturation transfer method, TRiST, that can be combined with
spatially-localized 31P MRS for the efficient measurement of CK pseudo-first-order reaction
rates in vivo at 3T. TRiST avoids problems associated with the power requirements,
bandwidth and intra-pulse T2 decay associated with variable flip-angle adiabatic pulses, by
use of the AHP 90° pulses throughout, and varying TR instead. The TRiST kf values of
0.23±0.03s−1 and 0.32±0.07s−1 obtained here for the first time at 3T for human chest and
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heart muscle, respectively, agree well with prior published values of 0.22±0.07s−1 and
0.32±0.07s−1 acquired at 1.5T using the FAST method (9). Similarly, these first TRiST kf
values acquired in the human calf muscle at 3T are well within the published range for
human skeletal muscle kf using localized FAST and other unlocalized surface coil methods
at lower field strengths (4–8).

In the present work, use of the 2TR method to measure T1,PCr′ was validated against a
standard partial saturation method with seven different TRs in the calf muscle. T1,PCr′
measured with the two methods differed only 3% on average and 6% at most. Indeed, the
1D CSI localized kf measures in the calf (Figure 6) show consistent, constant, kf measures up
to 9cm deep into the calf. This is despite the fact that the effect of the spillover saturation on
PCr varies significantly over this range (Figure 8), as the hard DANTE sub-pulses cannot
entirely compensate for the large variation in RF field provided by the surface transmit coil
(Table 1). The measured spill-over Q-values (Figure 8) agree well with the numerically
calculated ones in Table 1. Evidently, the use of control saturation for the measurement of
M0,PCr provides more-or-less adequate correction for spillover for metabolites whose
properties fall within the observed range for skeletal and heart muscle. A more stringent
analysis of spillover irradiation as performed in (27) may further minimize spillover errors.

The Monte Carlo error analysis anticipated a lower error in kf than the variation in kf
measured in volunteers, although the analysis did not include spillover effects. This may
also reflect physiological variations in CK reaction kinetics among individuals. Note that the
practical constraints imposed for the analysis: a constant total exam time; cardiac-gating; the
16 CSI phase-encoding steps; and the need to acquire a fully-relaxed control M0,PCr, means
that the options for optimizing the protocol to minimize errors in kf are limited mainly to the
TRshort acquisition. Even so, the Monte Carlo analysis suggests that little benefit to either the
precision or the accuracy of kf measurements is obtained for TRshort values varied between
0.85–1.7s, provided that NA is adjusted accordingly. Because most heart-rates can be
accommodated within this range of TRshort simply by adjusting the gating interval to 1–3
cardiac periods, the TRiST experiment can be efficiently run by re-adjusting NA for the
particular TRshort corresponding to the heart-rate, such that the total scan time remains about
the same. Monte Carlo simulations performed with varying TRs to determine the effect of
beat to beat variations on kf within each acquisition, show that heart-rate variations of up to
15% (28) about the mean measured heart-rate, result in ≤0.6% errors in kf for 0.1s−1≤kf
≤0.4s−1.

Both TRiST and FAST are also sensitive to flip-angle accuracy, as indeed are the T1
measurements required by all ST methods: hence our use of adiabatic pulses. As shown
previously (21), T1 was accurate to within 5% out to depths of 9cm, which includes the
anterior myocardium. In the present study we validated kf measurements in the leg out to the
same depth of 9cm. Even though the AHP pulses we used are constant above their threshold,
we can compare the values of kf that one would obtain if the effective flip-angle of the
pulses were 85° or 95°, instead of the true 90° flip-angle assumed for the calculation. With
the same parameters used in the Monte Carlo simulations, this 6% error in flip-angle results
in just a 4% error in R, and a 7% error in both T1′ and kf.

Recently Xiong et al. applied a three acquisition ST method to the open chest porcine heart
and the intact rat brain at 4.7T yielding similar results for the CK reaction rate as those
obtained by conventional techniques (29). They employed a scheme of pre-saturation delays
that were numerically optimized for the expected kf values, thereby permitting a reduction in
TRlong, assuming immediate and complete γ-ATP suppression once the saturation is turned
on. While the lower peak power of the DANTE pulse train in our protocol requires the entire
inter-pulse interval to achieve complete saturation, it does maximize the time available for

Schär et al. Page 8

Magn Reson Med. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



saturated γ-ATP spins to exchange with PCr, while allowing for cardiac triggering between
the pulses–all within SAR guidelines.

The two-site model for the CK reaction has long been assumed for 31P ST MRS
measurements of kf, because the measured PCr peak only exchanges with γ-ATP. On the
other hand, ATP also exchanges with inorganic phosphate (Pi) (30–32). Studying the three-
site chemical exchange involving PCr and Pi, can require two-site selective irradiation, to
measure reverse reaction rate constants, for example (33). Fortunately, the amplitude-
modulated DANTE saturation can also be tailored for multi-site saturation for such studies,
beyond the simple broadening of a single-site saturation described in the present study.

In conclusion, TRiST provides accurate measurements of in vivo muscle CK pseudo-first-
order forward rate constants in the human leg that agree with conventional methods in the
same exam, and CK rate-constants in the normal heart at 3T in scan times that are tolerable
for human studies. The results are consistent with prior human studies using different
methods and B0 field strengths. The challenges of higher-field magnets for quantitative
saturation transfer studies using surface coil spectroscopy appear soluble and human cardiac
CK kinetics can now be quantified at 3T.
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Figure 1.
Scheme of the TRiST acquisitions showing the amplitude modulation of the frequency
selective RF saturation versus time. A zoomed version is shown in the inset where 100μs
sub-pulses are used for real-time interrogation of the R-wave to enable cardiac triggering.
The negative sign of the RF amplitude is to be understood as 180° phase shift. AHP and
ACQ denote adiabatic half passage excitation and the acquisition window, respectively.
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Figure 2.
Amplitude modulation of the DANTE pulse train as shown in Figure 1 broadens the
saturated frequency span. (a) The calculated normalized longitudinal magnetization of γ-
ATP after 20s of saturation around the saturation frequency with m=5 saturation bands
δ=9Hz apart (black) as compared to a single band with m=1 (gray). (b) The saturation bands
for m=5 DANTE saturation overlaid over the entire cardiac 31P spectrum. The DANTE sub-
pulse separation of τ=0.91ms leads to aliased saturation bands at 1/τ=1100Hz apart.
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Figure 3.
Results from the Monte Carlo simulations of the TRiST experiment averaged over the kf
range 0.1 to 0.4s−1 as a function of TRlong (with γ-ATP saturated) and TRcontrol (control
saturation). TRshort was 1.7s (γ-ATP saturated) and NA combinations were chosen for a
constant total study time of 38±0.2min. (a) The relative % SD in kf for NA choices that lead
to minimum error at each TRlong and TRcontrol combination. (b) The average bias error in kf,
corresponding to the TRlong, TRcontrol and NA combinations in part (a). A positive bias of
4% means that the observed kf is less than the true kf by 4%.
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Figure 4.
Steady-state PCr signal (in arbitrary units, a.u.) measured as a function of TR (diamonds)
while γ-ATP is saturated in one volunteer to determine T1,PCr′. T1,PCr′ was determined both
by the conventional partial saturation by fitting all 7 data points (dotted line, relaxation
curve), and by the 2TR method using only the data points acquired at TRs of 1.5s and 10s
(arrows; the grey line is the corresponding implied relaxation curve).
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Figure 5.
Typical image and TRiST data from a human leg. (a) Axial 1H image annotated with
location of the coil center and 1D CSI slice positions. (b–d) 31P spectra extracted from a
slice at a depth of 4cm from the coil. The spectra were acquired with: (b) control saturation
at a TRcontrol=25.0s to determine M0,PCr; and with saturation of γ-ATP at (c) TRshort=1.5s
and (d) TRlong=10.0s to determine M0,PCr′ and T1,PCr′. Note the different vertical scales
(arbitrary units, a.u.). Arrows depict the location of the DANTE saturation.
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Figure 6.
Pseudo-first-order forward rate constants, kf (means±SD) for the CK reaction measured in-
vivo in the leg (n=6) and chest (n=8) at 3T. Values plotted from left to right are non-
localized (NL) kfs measured by conventional partial saturation (PS) and by TRiST in the calf
muscle; kfs measured by 1D CSI localized TRiST as a function of depth in the calf muscle;
and kfs measured in the chest and heart by TRiST 1D CSI, as indicated on the horizontal
axis.
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Figure 7.
Typical image and TRiST data from a human heart. (a) Axial 1H image acquired at end-
systole and annotated with the location of the coil center and 1D CSI slice positions. (b-d)
Cardiac-gated 31P heart spectra extracted from slice 7cm from the coil. The spectra were
acquired with: (b) control saturation at a TRcontrol=16.1s to determine M0,PCr; and with
saturation of γ-ATP at (c) TRshort=1.7s, and at (d) TRlong=10.0s to determine M0,PCr′ and
T1,PCr′. Note the different vertical scales (arbitrary units, a.u.). Arrows depict the location of
the DANTE saturation.
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Figure 8.
Q (means±SD) measured in-vivo in human leg (n-6), chest, and heart (n=8). Values plotted
from left to right are from non-localized (NL) studies of calf muscle; 1D CSI studies as a
function of depth in the calf; and from 1D CSI studies of the chest and heart, as indicated on
the horizontal axis. Q is a measure of spillover of the frequency selective saturation of the γ-
ATP resonance onto the PCr resonance.
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Table 1

The minimum flip angle βmin required to saturate Mz,γ-ATP to below 5% of its equilibrium value over a
bandwidth of 40Hz with the corresponding PCr spill-over Q for constant (m=1) and amplitude modulated
(m=5) irradiation at 9cm depth and at the surface. Close to the coil, the flip-angle is about 6-times higher,
increasing the spillover irradiation and reducing Q.

m β[°] Q

βmin at 9cm depth 1 5.1 0.81

5 0.9 0.93

at surface 6*βmin 1 30.6 0.11

5 5.4 0.45
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