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Abstract

Purpose—To investigate the dependence of magnetization-transfer-ratio-asymmetry at 3.5 ppm
(MTRasym(3.5ppm)), quantitative amide-proton-transfer (APT#), and nuclear-Overhauser-
enhancement (NOE®) signals or contrasts on experimental imaging parameters.

Methods—Modified Bloch equation-based simulations using two-pool and five-pool exchange
models, and /n-vivo rat brain tumor experiments at 4.7 T were performed, with varied
radiofrequency (RF) saturation power levels, saturation lengths, and relaxation delays. The
MTRgsym(3.5ppm), APT# and NOE¥ contrasts between tumor and normal tissues were compared
among different experimental parameters.

Results—The MTRsym(3.5ppm) image contrasts between tumor and normal tissues initially
increased with the RF saturation length, and the maxima occurred at 1.6-2 s under relatively high
RF saturation powers (> 2.1 uT) and at a longer saturation length under relatively low RF
saturation powers (< 1.3 uT). The APT# contrasts also increased with the RF saturation length but
peaked at longer RF saturation lengths relative to MTRagym(3.5ppm). The NOE¥ contrasts were
either positive or negative, depending on the experimental parameters applied.

Conclusion—Tumor MTRgsym(3.5ppm), APT#, and NOE? contrasts can be maximized at
different saturation parameters. The maximum MTRasym(3.5ppm) contrast can be obtained with a
relatively longer RF saturation length (several seconds) at a relatively lower RF saturation power.
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INTRODUCTION

Chemical exchange saturation transfer (CEST) imaging is a promising molecular MRI
technique that provides unique contrast based on the proton exchange between bulk water
protons and solute labile protons (1). Using CEST MRI, endogenous or exogenous low-
concentration mobile biomolecules with water-exchangeable labile protons can be
selectively detected indirectly through the bulk water signal used for clinical imaging (2—-4).
Notably, amide proton transfer (APT) imaging, a variant of CEST MRI, is based on the
chemical exchange between free bulk water protons and the amide protons (-NH) of
endogenous mobile proteins and peptides (5, 6). Early clinical data suggest that APT-
weighted (APTw) imaging has unique features by which to detect and characterize strokes
(7-10), brain tumors (11-16), prostate cancer (17), head and neck cancer (18), and many
other human diseases (19-21). Notably, it has been shown clearly that APTw MRI has
excellent potential to differentiate brain tumors from peritumoral edema or normal tissue,
high-grade from low-grade tumors, or treatment-related damage from tumor recurrence (22—
24), as well as to predict genomic markers in gliomas, such as the isocitrate dehydrogenase
mutation status and O6-methylguanine-DNA methyltransferase promoter methylation status
(25, 26).

Theoretically, the APT effect is usually measured by subtraction of the magnetization
transfer ratio (MTR) of the reference image at —3.5 ppm upfield, with respect to water, from
that of the label image at +3.5 ppm downfield to remove direct radiofrequency (RF) water
saturation (DS, also called spillover), and broad semisolid macromolecular magnetization
transfer contrast (MTC) effects (5). The standard asymmetry analysis of Z-spectrum mixes
the information from the intramolecular and intermolecular upfield nuclear Overhauser
enhancement (NOE) signals of mobile proteins, lipids, and metabolites in tissue (27-33).
Moreover, the effects of the different proton pools are non-linearly added in the Z-spectrum,
particularly at high RF saturation power levels. Therefore, the MTR,sym(3.5ppm) images
obtained are usually called APTw images (11). Nevertheless, it has been shown recently that
high APTw signal intensity in malignant gliomas is dominated by the APT effect (34-37).
Consequently, APT image signals and contrast measured by MTR asymmetry analysis
should be carefully interpreted in clinical applications.

Based on a simplified two-pool exchange model (not MTC, the RF saturation applied to
only the amide proton pool with the water proton pool unperturbed), the amide proton
transfer ratio (APTR) can be approximately given by (2, 3, 38):

ks w[amide protons) (}’31)2
a-(1—e , 0=

APTR = =7
(B’ +k,

[1]

R 1W[water protons] '

where kg1, IS the proton exchange rate from the amide proton pool (s1) to the free water
proton pool (W), Ry (= 1/Tyy) is the longitudinal relaxation rate of water, square brackets
([...]) denote the concentration, a. is the RF saturation efficiency, B, is the RF saturation
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power, and Ts is the length of the saturation time. Based on Eq. [1], APTR increases with
the RF saturation length because it allows more accumulation of saturated protons in free
water protons, and reaches a steady state. At By =1 -2 T (a ~ 0.99), an APTR witha Ts
of 1sand 2 s has a 51% and 76% of steady-state APTR contrast using a Ty, of 1.4 s, a K1y
of 29 Hz, [amide protons] of 72 mM, and [water protons] of 111 M. However, it is important
to realize that this simple analytical approximation may not be suitable in the presence of the
conventional MTC effect in tissue (37, 39). In the /n-vivo study, the application of an
elongated RF saturation under strong RF saturation may reduce (rather than increase) APTw
signals due to higher dilution effects from semisolid MTC and spillover when MTR
asymmetry analysis is used.

Conventional APT imaging studies have used a moderate repetition time (TR) or relaxation
delay (magnetization recovery time) to reduce the scan time. A steady-state water
longitudinal magnetization (M,") is reduced when a short relaxation delay, compared to T,
relaxation time, is applied, resulting in a decrease in initial water signal reduction and the
APT effect (40). Therefore, APT experimental imaging parameters must be optimized based
on a combination of the RF saturation power level, the RF saturation length, and the
relaxation delay to maximize APTw signal intensities or/and tumor contrasts. Here, we
investigated the dependence of APTw, quantitative APT (APT#), and NOE (NOE®) signals
using extrapolated semisolid MT reference (EMR) signals (35, 36) on the CEST
experimental imaging parameters at 4.7 T using modified Bloch equation-based simulations
and rat brain tumor models.

METHODS

Bloch-McConnell Simulations

Modified Bloch-McConnell equation-based simulations were performed to simulate CEST
effects, as described in (35, 36, 41, 42). The five-pool exchange model, including the free
bulk water (W), amide (s;), NOE-related (55, CEST@2ppm (S3), and semisolid MTC (m)
proton pools, was used. Note that many previous studies have observed CEST peaks around
2 ppm caused by multiple underlying components such as side-chain amide or guanidinium
protons of proteins and peptides, and guanidinium protons in creatine. The exchange model
and the magnetization in each pool (MY, ML, M52, MP3, and M™) in the presence of proton
exchange and RF saturation, can be written in a matrix format:

dM (1)
dt

=A-MH+b [2]

where
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D
A= N N D N N [3]

—kyy —(@-w) O
D =|w-w) —ky -] [4]

0 @ ky;
100
N;=k;j0 10[ [5]
001

T
b= [bw by, by, by, bm] 6]

bi=[00 Mg, 7]

where 7= w;, S;, Sy, S3 and m; wjis the resonance frequency of pool 7 w; is the RF
saturation amplitude; w is the RF saturation frequency; j;is the proton exchange rate from
pool 7to pool j; R;iand R are the longitudinal and transverse relaxation rate of pool /,
respectively; Ku/zw Ki/zsz, Ki/zsz Ki/zss Ki/zmare Qiven by Riaw*Kusi#Kwsz#Kwss*Kwm
Ruyjzs1tKsiw Rijzsz#Kszw R1/2s3#Ksam and Rijom+Knmus respectively; and My is the
equilibrium magnetization of pool 7 The linear coupled equations (Eg. [2]) can be
analytically solved by:

M =M, +bA"Het —pA™! [8]

where

Magn Reson Med. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 5

My= | a0 M2 M ' [9]
0 0 0 0 0 0

M=o 0w [10]

Longitudinal magnetization evolutions were simulated based on a continuous-wave (CW)
CEST sequence with a single-shot spin-echo EPI readout or a pulse-train CEST sequence
with a single-shot turbo spin-echo (TSE) readout. One TR consists of off-resonance RF
saturation followed by image acquisition, and relaxation delay (Fig. 1a). For the saturation
preparation, varied RF saturation powers, By (w7 in units of rad/s, Eq. [4]) and saturation
lengths, Ts (¢in units of s, Eq. [8]) were applied. In the case of the pulse-train saturation (a
series of four block pulses, 200 ms duration each), crusher gradients of 10 ms duration were
applied between block RF saturation pulses to suppress residual transverse magnetization by
setting zero transverse magnetization components (spoiler matrix). For the image
acquisition, the magnetization vector evolution was computed by multiplying the previous
magnetization vectors with the rotation matrices to account for a 90° excitation pulse
followed by a 180° refocusing pulse or multiple refocusing pulses forming echo trains.
During the relaxation delay period, the magnetization vector was computed solely by
relaxation recovery process in the absence of B1. The five-pool exchange model can be
reduced to the two-pool APT exchange model (free bulk water + amide proton pools) or the
two-pool MTC exchange model (free bulk water + semisolid MTC proton pools) by
assuming the concentration of other proton pools to be zero. In addition, the fifteen ordinary
differential Bloch equations were numerically solved with the relative tolerance values of
1077 to display the evolution of the longitudinal magnetization vector of the free bulk water
during the entire Z-spectrum acquisition.

After five dummy scans, Z-spectra were generated at RF saturation frequency offsets
ranging from —6 to +6 ppm with RF saturation power levels (B;) of 0.5, 1.3, 2.1, and 2.9 UT;
RF saturation lengths (Ts) of 0.2,0.4,0.6,0.8, 1, 1.2, 1.4, 1.6, 1.8, 2, 3, 4, and 6 s; relaxation
delays (Td) of 0.5, 1, 1.5, 1.94 (= 2), 3.94 (~ 4), 5.94 (= 6), and 8 s; and an image
acquisition time (Ta) of 60 ms. TR was equal to the sum of the RF saturation length, image
acquisition time, and relaxation delay (TR = Ts + Ta + Td). Model parameters used for
simulations were as follows (normal/tumor): fractional pool sizes of amide, NOE,
CEST@2ppm, and semisolid MTC relative to water protons were 0.21%/0.39%, 1.48%/
0.93%, 0.06%/0.059%, and 7.5%/3.1%; T, values of water, amide, NOE, CEST@2ppm, and
semisolid MTC were 1.53/1.95s, 1.4/1.8 s, 1.4/1.8 s, 1.4/1.8 s, and 1.4/1.8 s; T, values of
water, amide, NOE, CEST@2ppm, and semisolid MTC were 56.0/72.0 ms (43), 3.98/2.50
ms, 0.37/0.48 ms, 3.91/2.12 ms, and 19/19 ps; exchange rates of amide, NOE,
CEST@2ppm, and semisolid MTC relative to water protons were 29 Hz, 11 Hz, 440 Hz, and
22 Hz; and chemical shifts of amide, NOE, CEST@2ppm, and semisolid MTC from water
were 3.5 ppm, =3.5 ppm, 2 ppm, and 0 ppm, respectively. These parameters (except Toy)
were determined by a five-pool exchange, model-fitting procedure using rat tumor models
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(Supporting Figs. S1-2). In addition, we investigated the influence of water T, effect on
MTRasym(3.5ppm), APT#, and NOE* tumor contrasts with CW-CEST EPI sequence at 4.7 T
and pulse-train CEST TSE sequence at 3 T. For Bloch simulation at 3 T (36, 37, 44), all T,
values (normal/tumor) were set at 1.2/1.4 s; T, values of water (normal/tumor) were set at
80.0/100.0 ms. Other parameters were the same as for the parameters at 4.7 T. Another
compartment was included in the simulation mimicking edema tissues. For convenience,
water Tq and T, values of edema were same as for tumor case; but other parameters were
identical to those used in the normal case.

Monte Carlo Simulations

We performed comprehensive Monte Carlo simulations to evaluate the accuracy and
precision of the estimated tumor contrast of the CEST metrics with different RF saturation
parameters and relaxation delays, under realistic noise conditions. With each combination of
the saturation parameters (B4, Ts, and Td), the noise-free ground truth contrast map (=
tumor — normal) and 1000 sets of noisy (based on a Rician distribution) contrast maps were
simulated. For such a Rician distribution, we estimated an apparent standard deviation of
~42.9 (scaled by a factor of 1/0.655 to account for the Rician noise distribution (45)) from a
background region and an average signal of ~12015 from a tumor region in saturated images
at 3.5 ppm (SNR of ~280). For each trial, the pseudo-random Rician noise samples were
generated by using conventional inverse transform sampling, and pool parameters in the
five-pool model and the apparent standard deviation were randomly chosen within £ 1%
range. The standard deviation from 1000 trials and mean deviation from the ground truth
were calculated for the precision and accuracy of the estimated tumor contrast.

In-vivo MRI Experiments

All MR experiments were performed on a 4.7 T animal MRI system (Bruker Biospin,
Billerica, Massachusetts) with an actively decoupled cross-coil set-up, which consisted of a
7-cm body coil for RF transmission and a 2.5-cm surface coil for signal reception. Six
tumor-bearing Fischer 344 rats (male; adult) were scanned at ~12 days post-implantation.
25,000 9L gliosarcoma cells (obtained from the Brain Tumor Research Center, UCSF, CA,
USA) in 2 ml media for each rat were stereotactically injected over 3—4 min. Animal care
throughout the experimental procedures in the study was in accordance with institutional
guidelines. Conventional high-resolution coronal T,-weighted images were acquired with a
fast spin-echo sequence to identify the tumor size and location and to set the position of
following single-slice imaging, with the following parameters: TR = 3 s; echo time (TE) =
64 ms; field of view (FOV) = 32 x 32 mm?; five slices; slice thickness = 1.5 mm; matrix =
192 x 192; averages = 2. A single slice passing through a largest tumor region with T,-
weighted hyperintensity was chosen for water T1 (T1,°P), T2 (T2,,2%), apparent diffusion
coefficient (ADC), and CEST imaging, as described previously (35, 37, 43).

CEST images were acquired using a fat-suppressed, spin-echo EPI pulse sequence, with a
continuous wave (CW) RF saturation pulse and a single-shot EPI readout, with the following
parameters: TE = 30 ms; matrix size = 64 x 64; FOV = 32 x 32 mm?; spatial resolution =
0.5 x 0.5 mm?; slice thickness = 1.5 mm; and single slice acquisition. TRs were varied
according to RF saturation lengths and relaxation delays. For each RF saturation power level
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of 1.3 uT or 2.1 uT, and each relaxation delay of 3.94 s (¥ 4 s) or 5.94 s (~ 6 s), RF
saturation lengths were varied at 0.4, 0.8, 1.2, 1.6, 2, 3, and 4 s (only for the relaxation delay
of 6 s). The frequency sweep corresponded to the wide-range Z-spectrum with 62 frequency
offsets: unsaturated (Sg), 0, £ 0.5, ..., and = 15 ppm, in intervals of 0.5 ppm for EMR fitting
and quantification analysis. For B corrections, water saturation shift-referencing (WASSR)
images with 26 frequency offsets were acquired from +0.6 to —0.6 ppm at intervals of 0.05
ppm, including Sp, and an RF saturation power of 0.5 UT (46).

EMR Fitting and CEST Image Processing

All Bloch equation-based simulations and /n-vivo CEST image analyses were performed
using MATLAB (The MathWorks, Natick, Massachusetts). For /n-vivo studies, CEST
images were first normalized voxel-by-voxel by the corresponding Sg image and then
corrected for Bp inhomogeneities using the WASSR method (46). Then, a two-pool MTC
curve was generated using steady-state (35-37, 43) and non-steady-state EMR techniques.
In the two-pool MTC model, it is assumed that the transverse magnetizations of the two
pools (Mg and M7 reach a steady-state at the end of the off-resonance RF irradiation
(several hundreds of milliseconds) because both R,* and R/7 are fast enough for their
transverse magnetizations to reach zero. At steady-state condition, the time derivatives of the
transverse magnetizations are equal to zero and the transverse magnetization terms can be
rewritten as:

R
MY = - B[]

@

where the RF absorption rate, RF,z, 1 is the loss rate of the longitudinal magnetization by
the free bulk water and semisolid pool due to the off-resonance RF irradiation. The RF
absorption rate is defined as:

w%( 1 /RZW, 2m)

1+ [(1/R2W, o) @y = a))]

[12]

Ry fovrfin = 2

where wy, and w, are frequency offsets for free bulk water and semisolid pool, respectively.
The differential equations for the longitudinal magnetization of the free bulk water pool
from Eq. [2] — [7] can have the analytical solution as:

w /llt /12t w
MI()=Ae +A” +Mg [13]
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(RY + R + (k,,, + k,.)+ (R, + Ryp)

M= - 5 [14]
2

. \/ [(R’l" = RY) + (K = ko) + Ry — RW)] +ak, ko

+ )

Ajand Aare constants determined experimentally and A ; ») represents the longitudinal
relaxation rates of the free bulk water pool under the saturation of the semisolid proton pool.
If A/ ;is high enough and A/A; approaches zero, Eq. [13] can be simplified to be (38,
47):

At
MY@®) =My —MDe "+ MY [15]

where

W W le(kmwMgl/le)+Rrﬁn+R1m+kmw
0
ey MOTR R 0+ Ry + [ 1+ (@0/ 27800 Ry, /Ry DR g, + Ry + Koy

ss

[16]

Rfm is dependent on absorption super-Lorentzian lineshape, g,,(2rdw).

R4, = 0178, 2nA0)  [17]

2
_ 2rAw ]

2 5 1 R, 3c0s20 - 1
g, (2rAw) = / d6 sin e\f e [18]
0 T R,,,(3cos"0 —1)

where @is the dipole orientation angle between the magnetic moment and the external
magnetic field.

Steady-state two-pool MTC model (Eg. [16]) for the CEST image obtained from long
saturation times (Ts > 2 s) can be uniquely determined in terms of five combined
parameters, Kmnus Rim Rom KmyMd"/Rw, and Ra,/R1,. In addition, for non-steady-state
MTC model (Eq. [15]), the observed water longitudinal relaxation rate (R7,,°%) was
determined from the inversion recovery MRI experiment and used to calculate the water
longitudinal relaxation rate (/z,) using the following equation (48, 49):
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m obs
kmwMO (le - le)

obs
le - le + kmw

Ry, =R - [19]

For the EMR calculation, the wide-frequency-offset semisolid MTC data between 15 and 7
ppm to avoid possible downfield CEST and upfield NOE contributions, and the data at the
offset of 0.5 ppm to improve the fitting quality, were fitted to two-pool MTC exchange
models with a super-Lorentzian line-shape, based on the nonlinear least-squares fitting
method, which implemented the Levenberg-Marquardt algorithm. The Super-Lorentzian
line-shape function was evaluated by the numerical integration. The Super-Lorentzian value
was extrapolated from 200 Hz to an asymptotic limit at the zero offset when drawing MTC
curves due to its on-resonance singularity. However, the singularity of the Super-Lorentzian
line-shape was not issued during the MTC fitting because the wide-frequency offsets were
not defined at on-resonance. The fitting quality using the estimated MTC model parameters
was evaluated by the root of the sum of the squared differences between the fitted and
experimental data, and a goodness-of-fit metric. In this fitting procedure, the M, was
normalized to 1, and the longitudinal relaxation rate of semisolid MTC was fixed to be
0.7143 Hz (= 1/1.4 s) (50), because it is insensitive to the fitting procedure. Finally, by
subtracting experimental data from the two-pool MTC models, APT# and NOE? signals
were calculated and compared with the MTRasym(3.5ppm) signals. Note that the large and
broad symmetrical MTC is removed, and all other remain when the symmetric MTC model
is used. Thus, a relatively clean APT# signal can be measured, and the NOE* signal includes
both the local NOE (from mobile molecules) and the conventional MTR asymmetry (from
relatively fewer mobile protons).

o obs

f : obs " : . lw  J0bs "
For other MRI parametric mappings, 79 was fitted using 7/ = A + Be . T5,, Was fitted

1w

obs

using I = Ioe_ 2 The average ADC of water, ADC,, = Trace(D)/3, was fitted by /= e
~0ADCav. To compare the MTR,sym(3.5ppm), APT#, and NOE* parameters, two ROIs,
enclosing the normal tissue and tumor, were analyzed. Tumor ROIs were drawn inside the
border of the solid tumor mass based on the ADC and T,w hyperintensities. Image contrast
values were calculated using the signal intensity difference between tumor and normal
regions. Data in graphs were presented as mean + standard deviation. Statistical analysis was
performed using the Student’s t-test. The level of significance was considered at p < 0.05.
All statistical analyses were performed using the statistical package SPSS (Version 18,
Chicago, Illinois).

Simulation Results

Examples of simulated Z-spectra and MTR,sym signals at the different relaxation delays
(Td) and RF saturation lengths (Ts) are shown in Fig. 1. The initial longitudinal
magnetization of water decreased with the shorter relaxation delay (steady-state M,V = 0.98
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for Td = 8's, and 0.87 for Td = 4 s), as shown in Fig. 1c—d. Thus, the MTRgasym (3.5ppm)
effect on the bulk water signal was diminished with the shorter relaxation delay
(MTR(3.5ppm)/MTRasym(3.5ppm) = 0.724/0.04 for Td = 8 s, and 0.701/0.035 for Td = 4 s).
In addition, the APTw effect was reduced at the shorter RF saturation length
(MTR(3.5ppm)/MTRsym(3.5ppm) = 0.701/0.036 for Ts = 2's, and 0.801/0.016 for Ts = 0.5
s) due to the insufficient accumulation of the exchanged amide protons in the free bulk water
proton pool, as shown in Fig. 1d—e.

Results from Monte Carlo simulations are shown in Fig. 2. The tumor contrast, standard
deviation, and mean deviation maps contain 6 x 13 elements: rows increase from Td = 0.5 s
to 6 s upwards and columns increase from Ts = 0.2 s to 6 s rightwards. The maximum values
of standard deviation of MTRagym(3.5ppm), APT# and NOE* signal contrast were 0.035,
0.034, and 0.035 %, respectively. The maximum values of mean deviation from the ground
truth contrast map of MTRgsym(3.5ppm), APT# and NOE* were 0.0018, 0.0024, and

0.0029 %, respectively.

Figure 3 shows Bloch simulation results for the digital phantom with two compartments (C1
and C2 mimicked normal tissue and tumor, respectively). Based on a two-pool APT model,
MTR,sym(3.5ppm) signals increased with the RF saturation length, regardless of the
relaxation delay, when B, of 2.1 uT was applied. For a five-pool exchange model, however,
MTRasym(3.5ppm) signals in tumor showed a peak at Ts of 2 s and Td of 6 s (Fig. 3b),
although the MTR,sym(3.5ppm) signal intensities of the tumor in the five-pool model were
lower, in total, than those in the two-pool model due to upfield NOE signal contributions.
Peaks in MTRasym(3.5ppm) became more noticeable at a high RF saturation power level (~
2.9 uT) as shown in Fig. 4a. In addition, both APT# and NOE* signals showed a trend
similar to that of the two-pool MTRagym(3.5ppm) signals, as shown in Fig. 3. Overall,
MTRgsym(3.5ppm), APT# and NOE* tumor signals were higher at the relaxation delay of 6
s than 0.5 s, because the relaxation delay (or TR) was long enough compared to the water T4
relaxation time.

Figure 4 shows MTRggym(3.5ppm), APT# and NOE* signal features of tumor as a function
of RF saturation length, with Td of 0.5 and 6 s, and B; of 0.5 and 2.9 uT. The
MTRzsym(3.5ppm) signals were smaller at 0.5 pT than at 2.9 T for relatively short RF
saturation lengths. For long RF saturation lengths (> 3 s for Td =0.5sand 2 s for Td =6 s),
however, the MTR,sym(3.5ppm) became larger at 0.5 uT than at 2.9 pT, because of direct
water saturation and semisolid MTC effects. Importantly, the MTR,sym(3.5ppm) signal
intensities at a relatively high RF saturation power level (~ 2.9 uT) showed peaks at short RF
saturation lengths (< 2 s) when a long relaxation delay (~ 6 s) was applied. The APT# and
NOE* showed a trend similar to that shown in Fig. 4b—c.

Figure 5a shows MTRasym(3.5ppm), APT# and NOE* contrast maps as a function of RF
saturation length and relaxation delay with varied RF saturation powers. TRs were changed
accordingly by each RF saturation or relaxation delay. The highest MTR;sym(3.5ppm)
contrasts were observed at 1.3 uT for long RF saturation lengths (> 4 s) and relaxation delay
(> 4 5). Overall, MTR;sym(3.5ppm) contrasts at relatively low RF saturation powers (< 1.3
uT) initially increased with the RF saturation length, but eventually reached a plateau in
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particularly longer relaxation delays. Interestingly, the MTRzsym(3.5ppm) contrasts at
relatively high RF saturation power levels (> 2.1 uT) showed peaks at short RF saturation
lengths (< 2 s). The APT* and NOE* peaks shifted to longer RF saturation lengths relative to
MTRgsym(3.5ppm) at higher RF saturation powers (> 2.1 uT). Negative NOE* contrasts
were observed at relatively low RF saturation powers (< 1.3 uT), as shown in Fig. 5a. As a
result, the MTR,sym(3.5ppm) contrasts were higher than the APT* contrasts at relatively low
RF saturation powers (< 1.3 uT). However, the APT# contrasts were slightly higher than the
MTRasym(3.5ppm) contrasts, because NOE¥ contrasts became positive at higher RF
saturation powers (> 2.1 uT) and longer RF saturation lengths (> 2 s). Contrasts were further
normalized to VTR for each metric (Fig. 5b). The normalized MTRasym(3.5ppm), APT# and
NOE* peaked to shorter RF saturation lengths and relaxation delays.

Figure 6 shows the influence of Ty, 0N MTRgasym(3.5ppm), APT#, and NOE* at 3 T and 4.7
T. Three metrics showed negligible contrasts in the edema (C3) with respect to the tumor
(C2) and normal tissues (C1) across all saturation power levels at clinical 3 T (Fig. 6b) while
APT# and NOE* showed positive contrast in the edema at the relatively low RF saturation
powers (<1.3 uT) at 4.7 T (Fig. 6¢).

Experimental Results

Figure 7 shows experimentally acquired Z-spectra from tumor and normal brain regions with
RF saturation powers of 1.3 and 2.1 uT, relaxation delays of 4 and 6 s, and RF saturation
lengths of 0.4, 0.8, 1.2, 1.6, 2, and 4 s. As expected, the RF saturation power, RF saturation
length, and relaxation delay dependencies were seen clearly due to the large effects from
water spillover and semisolid MTC. Broad Z-spectra were observed at the higher RF
saturation power levels and longer RF saturation lengths due to larger RF saturation widths
and saturation effects. In addition, Z-spectra were largely reduced with decreasing relaxation
delays.

The average MTRasym(3.5ppm), APT# and NOE* signal intensities and contrasts of the
tumor and normal tissues were compared in Fig. 8. Several important results could be
observed: (i) The MTR,sym(3.5ppm) signal intensities of the normal tissue at two different
RF saturation power levels were almost unchanged with different RF saturation lengths. The
MTRzsym(3.5ppm) signal intensities of the normal tissue at 2.1 pT were almost zero due to a
similar contribution of APT# and NOE¥ to the MTRasym(3.5ppm) signals, while the
MTRasym(3.5ppm) signal intensities of the normal tissue at 1.3 UT were negative because of
higher upfield NOE* contributions. (ii) The MTRasym(3.5ppm) of the tumor at 1.3 uT
increased with the RF saturation length, while the MTRagym(3.5ppm) of the tumor at 2.1 uT
showed a peak at RF saturation lengths of 1.6 — 2 s, in line with the results of the Bloch
simulation. The overall APT# and NOE* signal intensities of the tumor were higher at 1.3 uT
than at 2.1 uT, while the MTRsym(3.5ppm) signal intensities of the tumor were smaller at
1.3 uT than at 2.1 uT because of the different RF saturation powers and length dependencies
of the APT# and NOE? signals, based on the fact that the NOE-related proton exchange rate
is slower than the amide proton exchange rate (35, 51). (iii) Although overall APT# and
NOE* contrasts increased with the RF saturation length, the MTRasym(3.5ppm) contrast at
2.1 uT showed a peak at RF saturation length ranges of 1.6 to 2 s. However, the

Magn Reson Med. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heo et al.

Page 12

MTRgsym(3.5ppm) contrast at 1.3 UT increased with the RF saturation length and reached a
steady state. In addition, consistent with Figs. 5, the MTRasym(3.5ppm) and APT# contrasts
were higher at 1.3 uT than at 2.1 uT. Notably, NOE* contrasts became negligible or slightly
positive at longer RF saturation lengths (> 3 s), resulting in APT* contrasts that were higher
than MTRgasym(3.5ppm) contrasts.

Figure 9 shows one example of the quantitative multi-parametric MRI maps for a
representative tumor-bearing rat. The tumor was hyperintense on T1°°, T, and ADC
maps, compared to the normal brain region (also see Supporting Figs. S3). Consistent with
Fig. 8, the MTRasym(3.5ppm) signals at 1.3 uT increased with the RF saturation length,
while the MTR,sym(3.5ppm) signals at 2.1 uT seemingly peaked at the RF saturation lengths
of 1.6 — 2 s. In addition, overall MTR,sym(3.5ppm) contrasts were higher at 1.3 uT than at
2.1 uT. Note that color-bar scales for MTRasym(3.5ppm) maps were adjusted to display an
identical normal tissue background. The APT# signals of the tumor at 1.3 uT increased with
the RF saturation length, while the APT* signals of the tumor at 2.1 T seemingly reached a
plateau after an RF saturation length of 1.6 s. Consistent with Fig. 8, overall NOE* signals
were lower at 2.1 uT than at 1.3 uT.

DISCUSSION

In this in-vivo APT tumor study, the optimization of APT imaging parameters, such as RF
saturation power, RF saturation length, and relaxation delay, was crucial for the maximum
APT signal intensity and contrast. Although many previous studies have been conducted on
the optimization of pulse sequence design and saturation scheme, most of them were limited
by the number of proton pools, CEST metrics, or combining parameters (40, 52-56). Here,
we evaluated experimental parameters using five-pool Bloch equation-based simulations and
an /n-vivorat tumor model at 4.7 T, a field strength that is close to clinical 3 T MRI
scanners. We found that MTRasym(3.5ppm) and APT# contrasts increased with the RF
saturation length and reached a steady-state at relatively low RF saturation powers (< 1.3
UT), while the maximum tumor contrast occurs with moderate RF saturation lengths (1.6 ~ 2
s) at relatively high RF saturation powers (> 2.1 UT). The peaks of MTR,sym(3.5ppm) and
APT* contrasts became more pronounced at higher RF saturation powers and longer
relaxation delays (or longer TRs). In addition, MTRasym(3.5ppm) contrasts were higher than
APT# contrasts at relatively low RF saturation powers (< 1.3 uT) and short RF saturation
lengths (< 2 s) due to negative NOE* contrasts (AMTRasym(3.5ppm) = AAPT# — ANOE?),
while NOE* contrasts became negligible or slightly positive at relatively high RF saturation
powers (> 2.1 uT) and long RF saturation lengths (> 2 s), leading to higher APT# contrasts
relative to MTRasym(3.5ppm) contrasts.

A higher RF saturation power caused substantial dilution effects by direct water saturation
and semisolid MTC, reducing Z-spectra, even though it might provide more efficient
saturation for water-exchangeable amide protons, based on Eq. [1] (37, 38). In addition,
amide protons have a relatively higher optimal RF saturation power level than NOE-related
protons, probably because the amide proton exchange rate is faster than the NOE-related
proton exchange rate (29, 35). Therefore, the maximum MTRasym(3.5ppm) contrast can be
determined through balancing the direct water saturation effect, the semisolid MTC effect,
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the RF saturation efficiency, and the different RF power dependencies of the downfield APT
and upfield NOE signals. In our Bloch equation-based simulations and /n-vivo tumor
studies, maximum MTRasym(3.5ppm) (for Ts > 1.6 s) and APT# (for Ts > 2 s) contrasts were
observed at the intermediate RF saturation power (~ 1.3 uT). Nevertheless, rather than using
a saturation power of 1.3 uT, a power of 2 uT is currently being used for tumor patients on
clinical 3 T scanners, because it leads to a positive MTRasym(3.5ppm) signal intensity in
brain tumors while the tumor periphery (e.g., peritumoral edema areas) and the surrounding
normal-appearing white matter are almost nulled. At a saturation power of 1.3 uT, however,
the negative MTRasym(3.5ppm) signal intensity of the normal tissue may complicate the
interpretation of the images, because the MTR,sym(3.5ppm) signal intensity of the
cerebrospinal fluid (CSF) is almost zero, which seems comparable to that of the tumor
(MTRgasym(3.5ppm): normal < tumor ~ CSF) (53).

We observed that a relaxation delay influences the Z-spectrum by alteration of the
magnitude of the longitudinal magnetization of water. Long TRs or relaxation delays raised
the Z-spectra and led to an increase in water signal reduction, further enhancing the APT
effect, in line with previous theoretical studies (40, 54). However, no significant differences
were observed in MTRasym(3.5ppm), APT# and NOE* signals with a relaxation delay of 4 s
and 6 s (Fig. 8) in the /n vivo study. Presumably, the relaxation delays might be long enough,
compared to water T, relaxation time (normal/tumor = 1.53/1.95 s). A long (several
seconds) RF saturation pulse allows more accumulation of saturated protons in the free
water pool and maintains a steady-state saturation (56). However, the effect of the RF
saturation length had an influence on the Z-spectrum similar to that of the RF saturation
power, in which dilution effects by direct water saturation and semisolid MTC increased
with the RF saturation length (Fig. 7). Consequently, an extensive dilution effect, caused by
longer (> 2 s) saturations and higher RF saturation powers (> 2.1 uT), instead reduces the
MTRgsym(3.5ppm) contrast, which is consistent with our Bloch simulation results. In the /n-
vivo study, we observed the maximum MTRasym(3.5ppm) contrasts at intermediate RF
saturation lengths (1.6 ~ 2 s) under the relatively low RF saturation power of 1.3 uT.

We observed a nonlinear relationship between the CEST metric signals and water T,
relaxation time as shown in Fig. 6. Particularly, no contrasts between edema (T, = 1.4 s) and
normal (T1 = 1.2 s) tissues were visually observed at a magnetic field strength of 3 T, in line
with previous observations from tumor patient and simulation studies (22, 37, 57).
Moreover, an increased water T, effect could be mostly compensated by an elevated water
content in peritumoral edema and tumor core regions. At a magnetic field strength of 4.7 T,
minor contrasts between edema (T4 = 1.95 s) and normal (T, = 1.53 s) tissues can be seen,
which were decreased with the RF saturation power level and became negligible (> 2.1 uT)
probably due to water direct saturation and semisolid MTC effects, as reported before (37,
43).

Numerous previous /in vivo studies at 4.7 T from us and other investigators (34, 35, 58-61)
have used a CW-based long saturation length (> 3 s) to reach steady-state CEST signals.
Further, a long TR or Td is helpful for the water magnetization to fully recover to the
equilibrium, which would thus result in the high CEST effect. In this study, to understand
the CEST effect for a range of Td values, our simulations used several Td values between
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0.5 and 8 s. Fortunately, the use of shorter relaxation delays and saturation lengths could be
efficient in MTRasym(3.5ppm) and APT# tumor contrasts, as shown in Fig. 5b, which help
guide optimization of APT imaging. However, it should be noted that water T relaxation
effects overwhelm chemical exchange saturation effects when a very short relaxation delay
was used, as shown in Fig. 10. The water longitudinal magnetization still grows in spite of
the presence of the off-resonance RF irradiation, particularly at low RF saturation powers
(black and red lines in Fig. 10a). Thus, the use of a very short TR or Td for reducing
acquisition time causes an inefficient RF saturation scheme.

CONCLUSIONS

MTR;sym(3.5ppm) images are not clean in terms of only a single component, because the
standard MTR asymmetry analysis combines the information from upfield NOE signals.
However, the potential confounding effect of NOEs was found to actually be symbiotic with
APT in the detection of tumors when a lower RF saturation power than ~2 uT is applied,
although NOE* tumor contrasts were relatively small. In order to obtain the maximum
MTRgsym(3.5ppm) and APT# tumor contrast, a relatively lower RF saturation power with a
relatively longer RF saturation length (several seconds) is required (a set-up used currently
in most animal studies). For time-efficient manner, however, MTRagym(3.5ppm) and APT#
contrast could be maximized at intermediate relaxation delays and saturation lengths.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Effects of RF saturation length (Ts) and relaxation delay (Td) on APT signal intensities, as

measured by MTR asymmetry. (a) lllustration of the spin-echo-based CEST sequence with a
single-shot EPI readout. Single TR consists of RF saturation, image acquisition (Ta), and
relaxation delay time parts. (b) The evolution of the longitudinal magnetization of the water
(M%) at 0 ppm during a continuous RF saturation pulse, 90°, 180° RF pulses, and Ty
relaxation recovery. (c—e) The evolution of M," during an RF saturation frequency sweep
(-6 ~ 6 ppm at intervals of 0.5 ppm and B4 of 1.3 uT) with different Ts and Td times. Red
lines indicate corresponding Z-spectra and MTRgasym. These simulations are based on a five-
pool exchange model at a By magnetic field strength of 4.7 T and on a tumor case given in
Methods.
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Figure 2.
Monte Carlo simulation results (1,000 trials) at a RF saturation power of 2.1 uT and

magnetic field strength of 4.7 T. Tumor contrast, standard deviation, and mean deviation
maps of (2) MTRasym(3.5ppm), (b) APT# and (c) NOE?. In each map, columns increase
from Ts = 0.2 s to 6 s rightwards and rows increase from Td = 0.5 s to 6 s upwards.
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Figure 3.
MTR;sym(3.5ppm) obtained from a two-pool APT exchange model and a five-pool exchange

model, APT#, and NOE” signal features as a function of RF saturation length at relaxation
delays of (a) 0.5 s and (b) 6 s under a RF saturation power of 2.1 uT and magnetic field
strength of 4.7 T. Two homogenous compartments (C1 and C2) in digital phantoms mimic
normal and tumor tissues, respectively.
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Figure4.
MTRasym(3.5ppm), APT#, and NOE¥ signal contrast (= tumor — normal) as a function of RF

saturation length at two RF saturation power levels (B; = 0.5 and 2.9 uT) and relaxation
delays (Td = 0.5, and 6 s). (2) MTRag,m(3.5ppm), (b) APT#, (c) NOE¥ signal contrast.
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Figureb.
(@) MTRasym(3.5ppm), APT*, and NOE* signal contrast maps (= tumor — normal) and (b)

normalized MTRasym(3.5ppm), APT# and NOE¥ signal contrast maps (normalized by VTR)
as a function of RF saturation length and relaxation delay at various RF saturation power
levels (B1 = 0.5, 1.3, 2.1, and 2.9 uT). In each map, columns increase from Ts=0.2st06 s
rightwards and rows increase from Td = 0.5 s to 6 s upwards.

Magn Reson Med. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heo et al. Page 24

B;=0.5uT 13T 21T 29 uT B, =05uT 1.3pT 21T 29 uT

5%

-5%
10 %

0%
10 %

0%

(b) Pulse-train CEST@ B,=3T (c) CWCEST@B,=47T

Figure 6.
Water T, relaxation effects on MTRsym(3.5ppm), APT# and NOE* contrast. (a) Three

compartments mimic normal (C1), tumor (C2), and edema (C3) tissues, respectively.

The water relaxation parameters (T, and Toy,) of edema are same as for tumor case; but
other parameters are identical to those used in the normal case. MTR;sym(3.5ppm), APT#,
and NOE* maps at (b) clinical 3 T, and (c) 4.7 T field strengths.
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Figure7.

Average experimental Z-spectra (n = 6) for the normal brain (a) and tumor (b) regions at RF
saturation power levels (1.3 and 2.1 uT), relaxation delays (4 and 6 s), and RF saturation
lengths (0.4, 0.8, 1.2, 1.6, 2, and 4 s). The left and right vertical dashed lines represent the

frequency offsets of 3.5 ppm and —3.5 ppm, respectively.
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N © N b~ O

Average MTRgsym(3.5ppm), APT#, and NOE? signals of the normal (a) and tumor (b)

tissues, and corresponding image contrasts between tumor and normal tissues (c).
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Figure9.
To-weighted, ADC, MTRgasym(3.5ppm), APT#, and NOE* maps with a relaxation delay of 6

s for a representative tumor-bearing rat.
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Figure 10.

The evolution of the longitudinal magnetization of the water (M,") from a pulse-train TSE
CEST sequence (after five dummy scans) under varied RF saturation powers, where B; = 0.5
(black), 1.3 (red), 2.1 (magenta), 2.9 uT (blue); Ts = 800 ms with a series of four block
pulses (200 ms duration each), each followed by a crusher gradient (10 ms duration); TSE
factor =84; (a) TR=2.4s(Td=15s)and (b) TR =4 s (Td =4 s). Five-pool model

parameters were used for the tumor case at 3 T.
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