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Abstract

Chemical exchange saturation transfer (CEST) provides a new imaging contrast mechanism
sensitive to labile proton exchange. Pulsed-CEST imaging is better suited to the hardware
constraints on clinical imaging systems compared with traditional continuous wave (CW)-CEST
imaging methods. However, designing optimum pulsed-CEST imaging sequences entails
complicated and time consuming numerical integrations. In this work, a simplified and
computationally efficient technique is provided to optimize the pulsed-CEST imaging sequence.
An analysis was performed of the optimal average irradiation power and the optimal irradiation
flip angle (FA) as a function of the acquisition parameters and sample properties in both a two-
pool model and a three-pool model of endogenous amine exchange. Key simulated and
experimental results based on a creatine/agar tissue phantom include: 1) that the average
irradiation power is a more meaningful sequence metric than is the average irradiation field
amplitude, 2) that the optimal average powers for CW and pulsed-CEST imaging are
approximately equal to each other for a relevant range of solute frequency offsets, exchange rates,
and concentrations, 3) that an irradiation FA of 180° is optimal or near optimal, independent of the
other acquisition parameters and the sample properties, and 4) that higher duty cycles yield higher
CEST contrast.
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MRI; chemical exchange magnetization transfer (CEST); pulsed-CEST

Introduction

Chemical exchange saturation transfer (CEST) has recently been proposed as a new cellular
and molecular imaging method. In CEST, exchangeable solute protons are saturated and the
transfer of these protons to water is subsequently detected, which provides a mechanism for
indirect detection of dilute labile protons that usually are undetectable by conventional MRI
(1-3). CEST exchanging sites include endogeneous amines (4,5) (e.g. amide proton transfer
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or APT) and hydroxyls (6) (e.g., glycogen CEST or glycoCEST), as well as labile sites on
exogeneous paramagnetic agents (7-11) (paraCEST). Applications include imaging of
tumors (4), ischemic acidosis (5), skeletal muscle and liver (6), mobile proteins and peptides
(12), pH effects (9,13) metabolite concentration (7), enzymatic activity (14), temperature
(15), and drug delivery (16). However, the CEST contrast is usually very low, and
quantitative measurements (calculated from the CEST contrast) are limited by the low SNR,
thus making CEST signal optimization of central importance.

Two approaches to saturate labile protons have been used for CEST imaging: continuous-
wave (CW), e.g. (17), and pulsed irradiation, e.g. (18,19). In the CW technique, a long (on
the order of seconds) off-resonance rectangular RF irradiation pulse precedes multi-echo
acquisitions. Optimization is straightforward in the CW-CEST case because 1) there is an
analytic solution that facilitates simple and rapid calculation, and 2) there is only one
acquisition parameter (B, = rf field amplitude) that needs to be optimized. However, major
drawbacks of this approach are its high specific absorption rate (SAR) and long acquisition
time. Furthermore, most commercial MR scanners can not generate such long irradiations.
The pulsed-CEST imaging technique addresses the SAR and hardware issues by using an
irradiation scheme of repetitive short RF pulses. However, in this case, there is no analytical
solution to the modified Bloch equations because of the presence of shaped RF pulses with
time-varying amplitudes, and there are three independent acquisition parameters (e.g., rf
amplitude, pulse width, and duty cycle) that need to be optimized. Therefore, the design of
the pulsed-CEST imaging sequence requires non-trivial numerical integrations.

In this study, we provide a simple technique to optimize the pulsed-CEST imaging sequence
by using the analytical solution for the CW-CEST signal and thus avoiding more complex
numerical integration, and by an advantageous choice of the three independent acquisition
parameters We first address the parameter choice by examining whether the average
irradiation power, which is defined to be the mean square irradiation field, Bza\,g power
(defined by Eq. [1]), or the mean irradiation field, Bayq fielq (defined by Eq. [3]), is a more
meaningful sequence metric. We also examine the optimal Bayg power dependence (or lack
there of) on the irradiation flip angle (FA) and duty cycle of the pulse sequence, and the
frequency offset, exchange rate, and concentration of the CEST agents, using both a two-
pool model (water and solute pool) and a three-pool model (water, solute, and
macromolecular pool). Irradiation FA and duty cycle effects on the pulsed-CEST contrast
are also included in forming an optimized protocol. Finally, we also analyze the relative role
of saturation and rotation in pulsed-CEST imaging and the detrimental effects of pulsed
methods on the spectrum resolution (or width of the signal dips).

Phantom Preparation

Creatine plus agar samples served as tissue phantoms, with the agar providing a short T,
macromolecular proton pool. A 3% agarose solution (w/w) was heated to boiling. Creatine
was then added to the agar solution to reach a concentration of 50 mM. The solution was
transferred into two tubes. The pH of the solution in the two tubes was titrated to 6.0, and
6.4 at 46°C, and the samples were left at room temperature to solidify before acquisition. All
chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

MRI and Experiment

All images were acquired on a 9.4 T Varian small animal scanner at roughly 17°C. The
phantom was positioned coaxially within a 38 mm ID volume coil. The main magnetic field
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(Bg) was shimmed and the RF field (B1) was calibrated before experiments. T images were
acquired using an inversion recovery fast spin-echo (IR-FSE) sequence.

The CW-CEST imaging utilized a 7.5 s irradiation pulse (long compared to the measured T,
of 2.8 s to ensure a steady-state condition) followed by single-shot spin-echo echo planner
imaging (EPI) readout and a recovery time of 5s. Images had a field of view (FOV) of 30
mm x 30 mm, matrix size of 64 x 64, bandwidth (BW) of 250 kHz, echo time (TE) of 50 ms,
number of averages (NA) of 4, and slice thickness of 2 mm.

For pulsed-CEST imaging, the CW irradiation pulse was replaced by a series of Gaussian
RF irradiation pulses (18). After each pulse, a crusher gradient (with alternating sign) was
applied to spoil residual transverse magnetizations. Each irradiation pulse had a duration t;,
flip angle 6 (when applied on-resonance), and inter-pulse delay tq. 400 pre-pulses were
performed before an EPI acquisition to ensure the system reached steady state. For example,
a pulsed-CEST sequence with a Bayg power Of 11T, irradiation FA of 180°, and duty cycle of
50%, has a t; of 10.8 ms, a PTR (pulse train time of repetition) of 21.7 ms, and a total
irradiation time of 400*PTR = 8.68 s. All images had the same acquisition geometry, NA,
and acquisition parameters as in CW-CEST imaging.

To determine the creatine/agar phantom sample parameters, a CW-CEST Z-spectrum was
acquired with offsets from -1600 Hz to 1600 Hz (- 4 ppm to + 4 ppm at 9.4 T) with an
interval of 50 Hz (0.125 ppm at 9.4 T). Data processing was conducted in MATLAB
(Mathworks, Natick, MA, USA).

The CW-CEST contrast in steady state is a function of the applied irradiation field B
Since B, has no time dependence, it is equal to both the average field and the square root
of the average of the square of the field, i.e. power. The pulsed-CEST contrast is a function
of the irradiation pulse shape (Gaussian, in our case), irradiation FA (0), irradiation pulse
duration (t;), and the delay between successive irradiation pulses (tg). Alternatively, the
pulse sequence can be described by the pulse shape, Bayg power O Bavg field: &> and duty
cycle (dc). The first three columns of table 1 list the range of sequence parameters in three
sets of experiments on the creatine/agar gel. PTR, which is tj+ty, was varied to satisfy 6,
duty cycle, and Bayg power OF Bayg field choices by using Eq [2] or Eq [4] and ranges from
10.5 ms to 148.1 ms and from 11.4 to 143.5 ms for the first and second pulsed experiment
sets, respectively. An irradiation offset of 750 Hz was used to match the metabolite offset at
9.4T.

For pulsed- CEST imaging, Bayg power and Bayg field can be calculated by using the following
equations (20)

Bm"g power= TD Bzdt
(1)

N Y
“Ydc 180-y-p;-PTR )
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where Bayg power and Bayg field are the field strengths of a continuous wave irradiation with
the same average power or field, respectively, as the pulsed-CEST. y is the gyro-magnetic
ratio of the proton (with units rad / (s:T)). p; is the ratio of the average amplitude to the
maximum amplitude of the irradiation pulse and p, is the ratio of the average of the square
of the amplitude to the square of the maximum amplitude of the irradiation pulse. For the
Varian standard version Gaussian pulse used in our experiments, p; = 0.416 and p, = 0.295.

The CEST difference is defined as the difference between the signals when applying
positive (S(+)) and negative (S(-)) offset irradiations (see Eq. [5]), where (-) represents the
offset of the exchanging metabolite and (+) is the offset on the symmetrically opposite side
of the water peak. CEST contrast is the CEST difference normalized by the non-irradiated
control case (Sg) (see Eq. [6]).

CESTdifference=S(+) — S(-) (5)

SH)-5)
So (6)

CESTcontrast=

Numerical Simulation and Data Processing

The Z-spectrum obtained from the CW-CEST experiment was numerically fitted to a three-
pool model, in which only exchange between water and solute, and exchange between water
and macromolecule was considered. The longitudinal relaxation time for bulk water was
separately determined by an inversion recovery experiment to be 2.8 s. Longitudinal
relaxation times for solute protons and semisolid macromolecules were set for fitting
purposes to be 1 s (18); The transverse relaxation time for the semisolid macromolecules
was set to be 15 ps and a Gaussian lineshape was assumed, matching (18), which uses a
similar phantom. The simulated solute proton frequency offset from water is 750 Hz. There
are then six independent variables left to be determined: the transverse relaxation rates for
bulk water (T5,,) and solute protons (T,s), the concentration for solute proton (f5) and
semisolid macromolecules () relative to water, the magnetization transfer (MT) exchange
rate from macromolecules to water (k,), and the chemical exchange rate from solute to
water (Ksy,). These sample parameters are determined by a least squares fit to the Z-spectrum
by integrating the coupled Bloch equations, as discussed below. The fitted parameters were
then utilized for simulations of the CEST signal to optimize contrast and to examine the
effects of varying sequence and sample parameters.

The CEST signal was simulated for a wider range of acquisition parameters than those in the
experiments, which are given in the last three columns of table 1. PTR was varied to satisfy
the Bavg power: ¢, and duty cycle choices, and varied between 4.5 ms and 3 s. All parameter
ranges were simulated concurrently, covering a three-dimensional parameter space.
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For each set of acquisition parameters, the CEST signal was simulated for a variety of
sample parameters. We varied the solute frequency offset (500, 750, 1250, 2000, 3000 Hz),
exchange rate (50, 85, 100, 150, 200, 250, 500, 1000 Hz), and concentration relative to
water (0.001, 0.0013, 0.002, 0.003, 0.004, 0.005). The experimentally determined values of
the creatine/agar sample are given in bold. Each parameter was varied individually, with all
other sample parameters remaining at the experimentally determined creatine/agar values.
At exchange rates of 500 and 1000 Hz, only a limited range of 8 values was examined, since
an optimum @ value at high exchange rate is not well defined, as will be discussed in the
Results section. All simulations were performed with both the full three-pool model, and, to
analyze the CEST effect without MT, with a two-pool model, in which the concentration of
the macromolecular pool was set to zero. Additional simulations of the effects of solid pool
asymmetry and RF pulse bandwidth were performed as described in the Discussion section.

The three-pool model contains seven coupled Bloch equations and can be written as
‘%A:AM+M0, where A is a 7 x 7 matrix. The water and solute pools each has three coupled
equations representing their x, y, and z components. The macromolecular pool has a single
coupled equation representing the z component, with an additional term for saturation
effects (21). A Gaussian absorption lineshape (which has been found appropriate for agar
(22)) was used for the macromolecular pool in all simulations of the phantom, and a super-
Lorentzian absorption lineshape (which best fits biological tissue (23-26)) was used to
simulate in vivo amide imaging. While the differential equation must be integrated for
pulsed-CEST, the steady state CW-CEST signal was simply calculated by setting one side of
the differential equations to zero, giving M = —A~1Mq. All numerical calculations of the
pulsed-CEST signal integrated the differential equations through the pulse sequence using
the ordinary differential equation (ODE) solver in MATLAB. The simulation stopped when
the difference in magnetization differed by less than 0.01% from that of the previous
repetition. Spoiling was modeled by nulling the transverse components of the magnetization
before and after the irradiation pulse.

The primary use of these simulations will be to optimize the CEST contrast, as given by Eq.
[6]. However, asymmetry of the macromolecular MT effects around the water resonance
complicates in vivo CEST contrast, but is not present in our creatine/agar phantom. This
effect can be described by a first order approximation (23):

CESTcontrast=CESTcontrastyym+MTR 4sym(Ay) %)

where CESTcontrastsyn, is the normalized CEST difference assuming the macromolecular
MT effect is symmetric. MTR a5y is the difference between the conventional magnetization
transfer (MTR) values at the positive offset and the corresponding negative offset assuming
there is no CEST effect. A, is the frequency offset between the macromolecule pool and the
water pool. To attain specifically CEST based signal difference, CESTcontrastsym should be
maximized, and MTR’ssym should be minimized. Therefore, CESTcontrastsym—|MTR
'asym(Am)| is the optimization target. As the center of the MT Z-spectrum shifts upfield from
the water signal, MTR'5sym is negative (23). Therefore, the proposed optimization target in
this case is actually the CESTcontrast, as defined by Eq. [6]. To test the proposed
optimization method when there is macromolecular asymmetry, simulations were performed
for amide imaging at 4.7 T (frequency offset from water is 3.5 ppm) by using the three-pool
model with Ay, = 2.34 ppm (23). Other parameters used are T1y=3S, Tou=25, T1s=0.77 s,
Tog=33ms, Typ=1s, Top= 15 ps, fi= 0.0013, fy= 0.0210, kKmw= 48 Hz, and Kg,,= 28 Hz
(5,17).
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A Z-spectrum acquired with CW-CEST imaging on the creatine/agar sample at 9.4 T was fit
to the three-pool exchange model, giving parameter fits of Toy,= 45 ms, Tos= 13 ms, f=
0.0013, f=0.0210, k= 48 Hz, and kg,= 85 Hz.

Figures 1a and 1b show the Bayg field and Bayg power that optimize CEST contrast as a
function of 4 and duty cycle in the experimental pulsed-CEST results. While the optimal
Bavg power in figure 1a is roughly independent of the other acquisition parameters (varying in
arange from 0.8 to 1.1 uT, or 30% of the average value), the optimal Bayg fielq in figure 1b
is highly dependent on the other acquisition parameters (varying in a range from 0.2 to 0.6
uT, or 100% of the average value). Figures 1c and 1d illustrate the underlying CEST
contrast dependencies on Bayg power and Bayg field, respectively. The curves for different duty
cycles in figure 1c, but not in figure 1d, have similar maximum positions and are
approximately proportional to each other. Therefore, specifying Bayg power (but not

Bavg field) can ensure optimum or near optimum conditions. Thus, Bayg power is @ more
meaningful sequence metric than is Bayyg field-

Figure 2a shows the simulated and experimental CW-CEST contrast of the creatine/agar
sample as a function of irradiation field strength B,,. The optimal B, is approximately 0.8
uT. Figure 2b and 2c shows the simulated and experimental pulsed-CEST contrast as a
function of Bayg power and 6. The optimal Bayg power and 6 are 0.9 uT and 180°, respectively.
The corresponding PTR and t; are 24.0 and 12.0 ms, respectively.

Figure 2b and 1a also illustrates the advantage of describing the pulsed-CEST sequence with
Bavg power: ¢, and dc (instead of Bgyyg fierg, ¢, and dc or tj, 6, and dc or any other 3 parameter
combinations.) The optimal Bayg power is roughly independent of ¢ and dc. The optimal ¢ is
roughly independent of Bayg power and dc. That is, Bayg power, ¢, and dc are in some sense
orthogonal coordinates. Therefore, the three parameters can be optimized independently
using relatively simple and fast computational approaches.

An alternative (and intuitive) approach would be to have the irradiation pulse duration (t;) be
an independent variable (instead of being a function of Bayg power: ¢, and duty cycle).
However, this choice leads to non-orthogonal independent variables that cannot be
optimized independently. Furthermore, choosing long t; values that avoid direct saturation
(an intuitive choice) leads to non-optimum contrast. For example, when a maximum dc of
50% is assumed, the optimized simulated contrast using a 2-pool model is 13.0% (with
direct saturation of 13.2% Sy as indicated by the reference scan) when using tj = 12.0 ms,
Bavg power = 0.9 uT, and 6 = 180°. Increasing t; to 133.8 ms by increasing 6 are 2000° (and
not changing Bayg power) gives @ CEST contrast of 6.4% and direct saturation of 13.4%.
Increasing tj to 27.1 ms by decreasing Bayg power t0 0.4 uT (and not changing 6) gives a
CEST contrast of 8.2% and direct saturation of 2.9%. That is, increasing t; above the value
dictated by the optimum Bayg power @nd & may lessen direct saturation, but at the cost of
CEST contrast.

Figure 3 plots simulated optimal Bayg power as a function of frequency offset, exchange rate,
and solute concentration in the two-pool and three-pool model. Note that the optimal

Bavg power trend increases with frequency offset and exchange rate, but is independent of the
solute concentration. In addition, the optimal Bayg power in CW-, and pulsed-CEST imaging
are similar in all cases (though the less power efficient pulsed saturation method requires
slightly greater power to reach optimal conditions). Therefore, the optimal Bayg power €an be
acquired by the relatively simple calculation of the optimal B, in CW-CEST imaging. Note
that CW and pulsed CEST do not, in general, have the same signal dependence on power,
but they do have similar optimum power values.
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Figure 4 shows the simulated optimal & for pulsed-CEST imaging as a function of duty
cycle, frequency offset, exchange rate, and solute concentration in the two-pool and three-
pool model. It can be concluded that the optimal @ is roughly independent of the acquisition
parameters and samples (varying in a short range from 150° to 200°). However, for samples
with higher exchange rates or relatively low Bgyg power, an optimal & does not exist, which
will be discussed in figure 6. Fortunately, it was found from figure 6 that the contrast at 180°
is close to the maximum contrast, thus making 6 = 180° an optimum or near-optimum
choice in all of our simulations.

Figure 5 shows the simulated pulsed-CEST contrast as a function of duty cycle. The contrast
increases with duty cycle, but is close to the maximum value at a duty cycle of 50%.
Although a higher duty cycle yields higher CEST contrast, duty cycle may be limited due to
inherent amplifier constraints on duty cycle or pulsewidth (with the tj jimjt leading to

180-y-p1- Bu\'g power 2

2
B limit~
de< ( 0 ) ), or due to required spoiling times (with the tq_jimit

. P2
leading to

] 2.2 ~ 2\ & 2
2 262 '(2[)271"—9“'*‘(180 I fimit * Y " P1° Ba\'g pm«'cr)z'_ J(2])2”‘02+(180 “ladimit " Y P1e Ba\'g pon'cr')-)’, - 4”41)2‘94,
p27G" T - - . )
. However, if the only limitation is the SAR limit, which is a function of Bayg power, then
CW-CEST will give superior contrast compared to pulsed-CEST.

de<

The rough independence of the optimal Bayg power ON € and dc acquisition parameters and
the rough independence of the optimal & on Bayg power and dc and the sample properties
(offset, exchange rate, and concentration) can be exploited to optimize the pulsed-CEST
imaging sequence. First, by identifying the optimal Bayg power Py measuring or calculating
the optimal B, of CW-CEST imaging; Second, by setting & equal to 180°; Third, by
choosing a duty cycle as high as possible, and then calculating the PTR according Eg. (2).

For example, for the creatine/agar sample at 9.4 T, the optimal B, was found to be 0.8 uT
using the M = —A~1My CW signal equation. Using a duty cycle of 50%, PTR and t; can be
calculated to be 27.0 ms and 13.5 ms, respectively. The maximum CEST contrast by using
the proposed guidelines is then 11.49% (vs 11.54% when numerically integrating for all
Bavg power and & possibilities to optimize the CEST contrast within the same duty cycle
constraints). This demonstrates that our proposed technique is an effective way to design
pulsed-CEST imaging sequences for amine exchange. If, on the other hand, the exchange
rate is increased outside the amine regime to, say, 2000 Hz, the optimal B, is 1.8 uT.
Following the design guidelines by setting ¢ to 180° (with PTR and t; calculated to be 12.0
ms and 6.0 ms) gives a simulated contrast of 7.37% (vs 7.72% when optimizing via
numerical integration of all Bayg power @nd ¢ possibilities). The primary cause of the contrast
difference in this fast exchange example is the 0 value, which is 2000° in the latter case.

In vivo imaging may be complicated by macromolecular MT asymmetry, affecting the
CEST contrast. Simulation results for amide proton transfer (APT) imagingona 4.7 T
scanner (not shown) indicate that the optimal B, of 0.3 uT is close to the optimal Bayg power
of 0.4 uT in pulsed-CEST imaging (when using a simulation resolution of 0.1 uT); the
optimal @ is near 180° at all powers and duty cycles (corresponding to a tj value of 36.1 ms
at optimum Bgyg power and 50% duty cycle); and the CEST contrast increases with the duty
cycle. That is, our proposed optimization technique is still applicable when the solid pool is
asymmetric.

Magn Reson Med. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

Discussion

In this paper, we give the simulated CEST contrast as a function of Bayg power and 6. Figures
2a and 2b show that for both CW- and pulsed-CEST, there is a single optimal Bayg power (OF
B.w)- Below this value, solute saturation and rotation is too slow (relative to exchange).
Above this value, the water pool is saturated by direct irradiation and indirect solid-pool MT
effects, both of which decrease CEST contrast. In contrast to these saturation effects, the
CEST contrast dependence on 6 is dominated by solute rotation effects. Figure 6 shows the
simulated pulsed-CEST contrast and average z-magnetization of solute protons over a PTR
as a function of . To isolate the effects of solute proton rotation, a two-pool model was used
that avoids macromolecular pool effects. Likewise, spill over effects were ignored by
assuming weak irradiation pulses that have no direct effect on the free water protons. The
simulations in figure 6 were performed at constant irradiation power by varying PTR with 6.
Figure 6b shows that at medium and high powers (Bayg power = 0.8 uT and 1.4 uT), the z-
magnetization of the solute protons (averaged over the PTR) oscillates very roughly like
cos(0). This oscillation induces a corresponding effect in the CEST contrast, as seen in
figure 6a. Since no direct water effects were included in these simulations, this CEST
contrast oscillation is due entirely to spin exchange with the solute. Note that at lower power
(Bavg power = 0.2 uT) or higher exchange rate as in glycoCEST (ksw ~ 1000 Hz), this
rotation effect disappears.

While the simulations have focused on endogenous amine exchange with direct relevance to
APT, aspects are relevant to glycoCEST and paraCEST. The significantly faster exchange
rates and smaller frequency offsets in glycoCEST compared to APT eliminates the solute
rotation effect that makes 8 = 180° optimum. Nonetheless, simulations (not shown) indicate
that & = 180° and Bayg power = Bew, optimum 1S Still a near optimum choice. For paraCEST
agents, there is a large range of possible offsets and exchange rates, but optimum simulated
Bcw > 10 uT are not uncommon. Issues of SAR compliance, amplifier limits, and, for
pulsed-CEST, extremely high pulse bandwidths, motivate the typical use of lower Bayg power
and higher @ values than the guidelines for amine CEST presented in this manuscript.

We have thus far only addressed issues of CEST contrast. An additional issue is the width of
the CEST dip, as this affects the CEST spectrum resolution and the ability to isolate CEST
effects originating from a single exchanging site. CW-CEST imaging utilizes a long
irradiation pulse before acquisition, which results in a very narrow band off-resonance
excitation that saturates the labile protons. However, pulsed-CEST uses multiple short
duration high intensity RF irradiation pulses that may cause a wider bandwidth off-
resonance excitation. Simulations (not shown) indicate that the FWHM (full width at half
maximum) of the CEST dip at Bayg power 0f 0.6 uT, 1.0 uT, 1.4 uT, (with corresponding t; of
18.1 ms, 10.8 ms, 7.7 ms) and Bg,, of 1 uT are 0.37 ppm, 0.55 ppm, 0.76 ppm, and 0.37
ppm, respectively, at 9.4 T. It was found that the pulsed-CEST dip widens as Bayg power
increases (and the tj decreases). The relative importance of contrast and resolution in a given
system should dictate the applied Bayg power-

In the current work, we have ignored issues that complicate peak selection for in vivo
imaging, such as exchangeable protons on multiple side groups, MT solid pool asymmetry,
and errors in determining the water resonance. Such issues may complicate image
interpretation even when applying optimum or near-optimum acquisitions. For example,
previous studies, e.g. (5), that have applied a 9 of 180° (in line with our proposed guidelines
but given without explanation) have measured CEST peaks at unexpected frequency offsets.

In contrast to our results, Sun et al. (18) have found that it is the optimal average irradiation
magnetic field amplitude (Bayg fielg) in pulsed-CEST that equals the optimal field amplitude

Magn Reson Med. Author manuscript; available in PMC 2012 October 1.
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(Bcw) in CW-CEST. (Although their manuscript refers to the “average power,” their Eq. [1]
matches our average field definition in Eq. [3].) Our experimental results in figure 1b
indicate that the optimal B,yg fielg depends on the duty cycle. Sun et al.'s choice of 50% duty
cycle happens to match the CW case, but this equivalence is not true in general for By field
though it is roughly true for Bayg power- Figures 1c and 1d illustrate this differing CEST
contrast dependence on duty cycle. (Note also, for comparison purposes, that Sun et al.'s
plots use the average field during the pulse (private communication), which at 50% duty
cycle, differ by a factor of two from calculations such as ours based on the average field
during a PTR.)

Conclusion

In this study, we find that the optimal Bayg power for pulsed CEST is roughly independent of
¢ and duty cycle, and is similar to the optimal B, for CW CEST. We also find that the
optimal @ is near 180°, independent of acquisition parameters and sample properties such as
frequency offset, exchange rate, and solute concentrations. Optimizing the choice of

Bavg power and 6 using these guidelines is a computationally efficient technique for designing
pulsed-CEST imaging sequences.
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The experimental Bayg power (&) and Bayg field () that optimize the pulsed CEST contrast as
a function of ¢ and duty cycle in the creatine/agar sample. Note that the optimal Bayg power iS
relatively independent of ¢ and duty cycle, while the optimal Bayyq fieig is not. PTR is varied
in order to find the optimal Bayg power @nd Bayg field at €ach 6 and duty cycle. Similar results
are found (but not shown) at pH =6.0at 9.4 T and pH = 6.4 at 4.7 T and in simulations of
this creatine/agar sample and pseudo-phantoms with different frequency offsets (500 Hz to
3000 Hz), exchange rates (50 Hz to 250 Hz), and solute concentrations (0.001 to 0.005). The
near independence of the optimal Bayg power ON the other acquisition parameters makes

Bavg power @ more meaningful sequence metric than Bayyq fielg- Figures (c) and (d) plot the
CEST contrast as a function of Bayg power and Bayg field, respectively, at & = 180°. Note the
similar dependence on Bayg power at all duty cycles.
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FIG. 2.

a) Simulated and experimental CW-CEST contrast as a function of B,,. b) Simulated and c)
experimental pulsed-CEST contrast as a function of Bayg power and 6 at 9.4 T with a duty
cycle of 50%. Stars in a) and c) represent the experimental results. (Simulation results
calculated using other duty cycles, and for pseudo-samples with varied solute frequency
offset, exchange rate, and concentration give similar results, but are not shown here.) The
CEST contrast was simulated using a three-pool model. PTR is varied, while duty cycle is
maintained at 50%, according to Eq (2). Note in (b) that the optimal Bayg power IS
independent of ¢, and the optimal & is independent of Bayg power- Optimal Bayg power i
largely dictated by direct and macromolecular MT saturation effects, while optimal 9 is
dictated by solute rotation effects, (additional damped oscillations can be observed at 6 ~
540°,) as will be discussed in figure 6.
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FIG. 3.

Simulated optimal Bayg power at dc = 50% as a function of frequency offset (a), exchange
rate (c), and solute concentration (e) in the two-pool model, and frequency offset (b),
exchange rate (d), and solute concentration (f) in the three-pool model. Circle and triangle
represent CW and pulsed-CEST, respectively. (Remember that in CW-CEST, By, =

Bavg power-) Note the similar dependence of the optimal Bayg power in CW and pulsed-CEST
on the sample parameters. The non-specified sample parameters are from the fitting results
of a CW-CEST experiment on a creatine/agar phantom. These results are based on
simulations with a Bayg power Spacing of 0.1 uT, resulting in discrete jumps.
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Simulated optimal @ as a function of duty cycle (a), frequency offset (b), exchange rate (c),
and solute concentration (d) in the two-pool (triangle) and three-pool model (circle). The
non-specified sample parameters are from the fitting results of a CW-CEST experiment on a
creatine/agar phantom. Calculations were performed for a range of 9 (140° — 220°) with a
step of 10°, resulting in discrete jumps. For (b), (c), and (d), dc = 50%. Note that the optimal
@, which is around 180°, is roughly independent of the duty cycle, frequency offset,
exchange rate, and concentration.
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FIG.5.

Simulated pulsed-CEST contrast as a function of duty cycle using a three-pool model. Each
line was calculated using the same Bayg power and 6. The two asterisks on the far right
represents the contrast in CW-CEST imaging with a Bg,, of 1 uT and 1.5 uT, which deviate
from the extrapolations to 100% duty cycle using the same Bgyg power due to the effect of the
Gaussian pulse shape. Note that the CEST contrast at a duty cycle of 50% is close to the
maximum CEST contrast in each line. The parameters used are from the fitting results of the
creatine/agar sample. Simulations of pseudo-phantoms with different frequency offsets (500
Hz to 3000 Hz), exchange rates (50 Hz to 1000 Hz), and solute concentrations (0.001 to
0.005) also give the same conclusion.
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FIG. 6.
Simulated pulsed-CEST contrast (a) and normalized average z-magnetization of solute

protons in a PTR (b) as a function of & using a two-pool model. M: is the average z-
magnetization of solute protons in a PTR, and M5, is the equilibrium magnetization of solute
pool. For these simulations, the weak irradiation pulse approximation was used, ignoring
spill over effect on the free water protons. Note the oscillating nature of the signal
dependence on ¢, which is present in all our simulations with yBayg power = Ksw, but not at
lower powers (solid line) or higher exchange rates (solid-star line), as expected.
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