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Abstract

Purpose: Accurately quantifying the amide proton transfer (APT) effect and the underlying
exchange parameters is crucial for its applications, but previous studies have reported conflicting
results. In these quantifications, the chemical exchange saturation transfer (CEST) effect from
the fast exchange amine was always ignored because it was considered weak with low saturation
powers. This paper aims to evaluate the influence of the fast exchange amine CEST on the
quantification of APT at low saturation powers.

Methods: A quantification method with low and high saturation powers was used to distinguish
APT from the fast exchange amine CEST effect. Simulations were conducted to assess the
method’s capability to separate APT from the fast exchange amine CEST effect. Animal
experiments were performed to assess the relative contributions from the fast exchange amine
and amide to CEST signals at 3.5ppm. Three APT quantification methods, each with varying
degrees of contamination from the fast exchange amine, were employed to process the animal
data to assess the influence of the amine on the quantification of APT effect and the exchange
parameters.

Results: The relative size of the fast exchange amine CEST effect to APT effect gradually
increases with increasing saturation power. At 9.4T, it increases from approximately 20% to 40%
of APT effect with a saturation power increase from 0.25 pT to 1 uT.

Conclusion: The fast exchange amine CEST effect leads overestimation of APT effect, fitted
amide concentration, and amide—water exchange rate, potentially contributing to the conflicting
results reported in previous studies.

Correspondence to: Zhongliang Zu, Ph.D., Vanderbilt University Institute of Imaging Science, 1161 21st Ave. S, Medical Center
North, AAA-3112, Nashville, TN 37232-2310, zhongliang.zu@vumc.org, Phone: 615-875-9815, Fax: 615-322-0734.
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INTRODUCTION

Chemical exchange saturation transfer (CEST) is an MR contrast mechanism used for
molecular and pH imaging (1-5). It involves applying a frequency-selective radiofrequency
(RF) saturation pulse to exchangeable protons in the solute. The saturated solute protons
transfer their magnetization to water protons via chemical exchange. This exchange leads
to a detectable change in the water signal, which can be measured to provide enhanced
sensitivity. Amide proton transfer (APT) is a common application of CEST imaging that
detects mobile proteins/peptides at approximately 3.5ppm from water. It is also sensitive to
pH variation at relatively low saturation powers (6). APT imaging has been used to detect
malignant brain tumors with the assumption that it can measure overexpressed proteins
(thus, increasing protein amide concentration) in tissues with increased cell density (7-10).
Additionally, APT imaging has been applied to detect ischemic stroke because of tissue
acidosis (thus, a decreased amide—water exchange rate) (11-13).

Accurate quantification of the APT effect, amide concentration, or amide—water exchange
rate is crucial for protein and pH imaging. However, different quantification results have
been reported previously (e.g., the fitted amide—water exchange rates range from dozens of
s71 to a few hundreds of s™1 in previous studies (6,14,15)), and the underlying reason is
unknown. CEST peaks, especially those from exchangeable protons in the fast exchange
regime, are broad compared with their frequency offsets from water, which may introduce
errors in their quantifications. In the nervous system, there is a fast exchange amine pool
from glutamate and proteins at approximately 3ppm (16,17), which is very close to the
amide frequency offset of 3.5ppm and should have overlapping CEST signals with APT.

In previous quantification of the APT effect with relatively low saturation powers, the
contribution from the fast exchange amine to the CEST signal at 3.5ppm was always ignored
based on the fact that the fast exchange protons cannot be effectively saturated at low
saturation powers. However, this has not been validated.

Besides the APT at 3.5ppm and the fast exchanging amine CEST at 3ppm, there is a
guanidinium proton CEST effect at 2ppm, primarily from creatine (18,19). Although the
APT and guanidinium proton CEST peaks are relatively narrow compared with the fast
exchange amine CEST peak, the overlapping of these two narrow CEST peaks creates a
broad baseline, making it difficult to identify the broad CEST peak from the fast exchange
amine and thus difficult to accurately separate the APT effect from the fast exchange amine
CEST effect based on their different peak shapes. Previously, we developed a quantification
method using low and high saturation power to distinguish CEST effects from slow and
fast exchange pools. Using this method, we estimated the relative size of the fast exchange
amine to APT (i.e., fast exchange amine CEST/APT) at 1uT (20). In this paper, we applied
this quantification method to estimate the relative size of the fast exchange amine to APT
at two additional saturation powers of 0.25uT and 0.5uT, allowing us to observe the trend
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of CEST effects from these two pools with increasing saturation power. Additionally, we
conducted simulations and experiments both with and without the incorporation of the fast
exchange amine CEST effect to evaluate its impact on the quantification of the APT effect
and underlying exchange parameters.

In a multiple-pool model including direct water saturation (DS), semi—solid magnetization
transfer (MT), and CEST effects in the slow (s) and fast (f) exchange regimes, these effects
acquired in steady state can be described simultaneously by superimposing their rotating
frame relaxations (when the concentrations of CEST and MT pools are much less than 1)
(21,22),

R..(4w)
1+ £,

R.(Aw)
1+ f,

R,(Aw) = R, (4w) + + + R (dw) @)
where R,,, R..(R.,, R}) and R.." are the water longitudinal relaxation in the rotating frame,
CEST effect from the slow exchange pool and fast exchange pool in the rotating frame, and
semi-solid MT effect in the rotating frame respectively; R.,, is the water relaxation; Aw is the
RF frequency offset; and f,, is the semi-solid component concentration. R,,, R.,, and R/, can

be described by (23)

~ SORlabs
R, (Aw) = S(dw) )
S 7.8 2
R.(dw) = — Sk 5 ®)
! + (R, + k)l + (Aw — &%)k, [ (Ra, + K.
R.(Aw) = : (4
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@ + 40" @F + (R, + kLK, + (4w — ATY K., / (RL + K,

where S is the CEST signal; S, is the control signal with no saturation pulses; R, is the
observed water longitudinal relaxation rate; , is the saturation power; k., is the solute—water
exchange rate; A is the solute frequency offset; and R, is the solute transverse relaxation
rate.

In CEST imaging, a low o, value (around or less than 1uT) is typically used to fit the slow—
exchange amide—water exchange effect and to obtain a CEST Z-spectrum in which APT and
other CEST peaks can be easily resolved (24). A high o, (e.g., >3.6luT) is used to detect the
fast exchange amine CEST effect (25). For the fast exchange pool, k,, (e.g. 5000s~1 (25)) is
much higher than the low o, (e.g. 268rad-s™1 for w, of 1uT) or the high o, (e.g. 964rad-s™1
for o, of 3.6uT). Additionally, at 3.5ppm, Ao (i.e., 2815rad/s and 8797rad/s at 3T and 9.4T,
respectively) is much higher than the low and the high w,. Thus, o, in the denominator of
both the first and the second term in Eq. (4) can be ignored. The total contribution from
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both the slow and the fast exchange pools (R.;’ = R}, + R.,) with normalization of «; at low
saturation powers w, ; can then be described by

R (A0) | wwy K,

2 . 2, .
DL o+ (R + kK, + (Ao — A) K, [ (R + k) 5
4 7~ K ®)

2 2 ]
A0” (R}, + Kkl + (Ao — AT) KL, | (RS, + K,

+

At high saturation powers (w, ,), it can be described by

ij+ f(Aw) | highwy _ f;k;w
- 2
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Note that R’ / w; (the second term in Eq. (5) and Eq. (6)) is independent of w,. Thus,
subtracting two R}/ acquired at a low o, (i.e., Eq. (5)) and at a high o, (i.e. Eq. (6))

can remove the contribution from the fast exchange CEST effects (i.e., RZ,). For the slow
exchange pool, k., (e.g., 100s™1) is comparable to the low o, (e.g., 67rad-s™1, 134rad-s~%, and
268rad-s~1 for w, of 0.25uT, 0.5uT, and 1uT, respectively) and much lower than the high o,
(e.g., 964rad-s~1 for o, of 3.6uT). Thus, R:, / «} acquired at a high o, (the first term in Eq.
(6)) is a few times lower than that acquired at a low w, (the first term in Eq. (5)). R., / oi
acquired at a low w, (the first term in Eq. (5)) can be ignored when subtracting Eq. (5) from

Eq. (6). Then,
R B0) | ey R (80) | _ Sk
2 2 B 2
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@

Thus, a rough estimation of R;, and R/, at a low o, can be obtained by R;;/ acquired at a high
and low w,,

Rj;f(ACU) | loway R;; /(Aw) | highwy 2
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Based on Eq. (2), R, can be quantified by an inverse subtraction of the label signal (S.,(Aw))
and reference signal (S...(Aw)) together with T,..(1 / R,s) NOrmalization, known as apparent
exchange-dependent relaxation (AREX) (21,22,26),

So _ S
Si(Aw) Sre/(Aa))

AREX(Aw) = ( )Rm(l + /) = R (10)
where the label signal contains contributions from the CEST effect and other nonspecific
background signals (e.g., DS and MT). The reference signal contains contributions from
only the nonspecific background signals, which can be obtained by fitting CEST data
acquired beyond the frequency range of CEST effects (24,27).

METHODS

Animal Preparation

MRI

Five healthy rats were included to evaluate the relative contribution of the fast exchange
amine CEST and APT to the CEST signal at 3.5ppm. Eight rats bearing 9L tumors

were included to evaluate the impact of the fast exchange amine CEST effect on the

APT effect. Tumor induction involved injecting 1x10° 9L glioblastoma cells into the right
brain hemisphere, followed by imaging after 2 to 3 weeks. All rats were immobilized

and anesthetized with 2-3% isoflurane and 97-98% oxygen for both induction and
maintenance during the experiments, ensuring a respiration rate of 40-70 breaths per minute.
The rectal temperature was maintained at 37°C using a warm-air feedback system. All
animal procedures were approved by the Animal Care and Usage Committee of Vanderbilt
University.

CEST measurements were performed by applying a continuous wave (CW)-CEST sequence
with a 5s rectangular RF saturation pulse followed by single—shot spin—echo echo planar
imaging (SE-EPI) acquisition. CEST images were acquired with a , of 0.25uT, 0.5uT, 1uT
and 3.6uT. CEST Z-spectra with @, of 0.25uT, 0.5uT, and 1uT were acquired with Aw from
—-4000Hz to —2500Hz with a step size of 500Hz (—10ppm to —6.25ppm at 9.4T), —2000Hz
to 2000Hz with a step size of 50 Hz (-5ppm to 5ppm at 9.4T), and 2500Hz to 4000Hz with
a step size of 500 Hz (6.25ppm to 10ppm at 9.4T). CEST Z-spectra with a w, of 3.6uT

were acquired with Ae from —6500Hz to —3500Hz with a step size of 500 Hz (-16.25ppm
to —8.75ppm at 9.4T), —2000Hz to 2000Hz with steps of 50Hz (-5ppm to 5ppm at 9.4T),
and 3500Hz to 6500Hz with a step size of 500Hz (8.75ppm to 16.25ppm at 9.4T). Control
images were acquired with an Ao of 100,000Hz (250ppm at 9.4T). R,,,, and f,, were obtained
using a selective inversion recovery (SIR) quantitative MT method (28). All measurements
were performed on a Varian DirectDrive™ horizontal 9.4T magnet with a 38mm Litz RF coil
(Doty Scientific Inc. Columbia, SC) with matrix size 64x64, field of view 30x30 mm2, and
one acquisition.
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Data analysis

To assess the relative contribution of the APT and the fast exchanging amine CEST effects,
an extrapolated semi-solid MT reference (EMR) approach (29-31) was used to obtain the
reference signal for quantifying all CEST effects. The EMR method has been previously
used to process CEST Z-spectra acquired at relatively high saturation powers (i.e., 3.6uT)
(20) and is therefore suitable for use in this study. Specifically, CEST Z-spectra with a

AQ from —6500Hz to —3500Hz and 3500Hz to 6500Hz and a w, of 3.6uT, and with a Aw
from —4000Hz to —2500Hz and 2500Hz to 4000Hz and a o, of 1.0uT were fitted to a
two-pool MT model (20). The MT parameters including the coupling rate between the semi—
solid component and water (k,,,), transverse relaxation time of the semi-solid component
(Tom), kawfuT1 @nd frequency offset of the semi-solid component (A,,) were fitted, and the
reference signals in an offset range from -5 ppm to 5 ppm were then estimated using

the fitted parameters. The ratio of water longitudinal relaxation time and water transverse
relaxation time (T, / T,,) Was set to be 45 for the animal study by literature survey (32).
The MT absorption line shape was assumed to be a Lorentzian function. R., eu: Can then be
obtained by Eq. (10).

To evaluate the influence of the fast exchanging amine CEST effect on the quantification
of the APT effect and the underlying exchange parameters, we employed three different
multiple-pool Lorentzian fit methods (mfit). These include the six—pool Lorentzian fit

of the APT effect (mfit_6pool_APT), the two-pool Lorentzian fit of all CEST effect
(mfit_2pool_CEST), and the six-pool Lorentzian fit with inclusion of all CEST effects
(mfit_6pool_CEST). It should be noted that the APT effect was quantified using all three
methods. The model function of the multiple—pool Lorentzian fit method is shown in Eq.
(11)

S(Aw) N
5 =1- Zi:lL[(Aa)) (1)

Here, Li(Aw) = A, / (1 + (Aw-Ag2 / (o.swi)z), which represents a Lorentzian line with a central
frequency offset from water (A;), peak full width at half maximum (W), and peak amplitude
(A)). The six-pool model contains amide at 3.5ppm, guanidinium proton at 2ppm, water,
nuclear Overhauser enhancement (NOE) at —1.6ppm (33-38) and —3.5ppm (27,39,40), and
semi-solid MT (41,42). The S, for the six—pool model fitted APT was obtained by summing
all Lorentzians except the amide pool (43). The two—pool model contains water and semi—
solid MT pool. The S, for the two-pool model fitting was obtained by processing the CEST
Z-spectrum with frequency offsets of +4000, £3500, £3000, +2500, £200, +150, +100, £50,
and OHz (=10 to —6.25ppm, —0.5 to 0.5ppm, and 6.25 to 10ppm at 9.4T). The six—pool
model fit with inclusion of all CEST effects is based on the fitted components of the six-pool
model. S,.; for the six—pool model fit with inclusion of all CEST effects was obtained by

the sum of the water and semi—solid MT pools fitted from the above six-pool model fit.
Table 1 lists the starting points and boundaries of the multiple—pool Lorentzian fit. The
goodness of the fit was estimated with the averaged root mean square (RMS) of residuals
across the frequency range of the z-spectrum used for the fitting. R,, spectra quantified from
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the above three quantification methods, termed R., w spoot apts Rex mit 2poot csts @N0 Rey it spool crst
were obtained using Eqg. (10). Previously, we have shown that the six-pool model Lorentzian
fit is capable of accurately quantifying the APT effect when o, is equal to or less than

1uT at 9.4T (24). Thus R., ma_spea_ser ShOuld have minimal to no contribution from the fast
exchange amine. S, for the six—pool model with inclusion of all CEST effects should only
include contributions from water and MT effects, resulting in R., wa spoo cest CONtaining all
CEST effects but no water and MT effects. At 3.5ppm, R, i spoo cest at 3.5ppm should have
the maximum contribution from the fast exchange amine CEST effect. on the other hand, the
two—pool model Lorentzian fit processes CEST signals with RF frequency not only beyond
+6.25ppm but also between —0.5ppm and 0.5ppm, where there are significant contributions
from the fast exchange pools due to their coalesce effects with water. Therefore, S, for

the two-pool model Lorentzian fit should have contributions from water, MT, and a part

of the fast exchange amine CEST effect. As a result, Re, u 2par cesr ShOUld coOntain some
contribution from the fast exchange amine. It is important to note that although the EMR
method also fits water and MT effects, it does not process CEST signals near to water

line, resulting in minimal to no contamination from the fast exchange amine. These three
quantification models have varying degrees of contamination from the fast exchange amine
to CEST signals at 3.5ppm, providing a useful framework for evaluating the influence

of the fast exchange amine CEST effect on the quantification of amide—water exchange
parameters.

The R, values at 3.5ppm with the three o, values were fitted to Eq. (3) to obtain the amide
f, and amide k,,. In animal studies, the T,, value was set to three different values (5ms, 2ms,
and 1.5ms) during the fitting process since it can influence the quantification of f, and k..

Regions of interest (ROIs) were drawn from the whole brain in the healthy rat brains

and were drawn from the tumor region and the contralateral normal tissues in the rat
brains bearing tumors. Student’s t test was employed to evaluate the difference in R.,
values between tumors and contralateral normal tissues. Differences were considered to be
statistically significant when £< 0.05.

Numerical simulations

A two-pool (either amide + water or amine + water) model and a three—pool (amide + amine
+ water) model numerical simulation of coupled Bloch equations were performed with a
CW-CEST sequence with a 5s saturation. The amide and amine pools represented the slow
and fast exchange pools, respectively. To quantify the R., spectrum in the two—pool (amide

+ water) model simulation and the R/, spectrum in the two—pool (amine + water) model
simulation, and the R}’ spectrum in the three-pool model simulations, a reference spectrum
was obtained by nulling all exchangeable pools in the simulations (i.e., a single water pool
model). The R., spectrum or R,, value at 3.5ppm was then calculated using the AREX metric
defined in Eq. (10). Table 2 lists the simulation parameters.

1. To verify the dependence of R, / wi on w, and the independence of R, / o} on w,, we
performed simulations using a two-pool model (amide + water for the slow exchange pool,
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amine + water for the fast exchange pool). The simulations were conducted with o, values
varying from 0.2uT to 5uT with a step of 0.2uT.

2. To assess the capability of our quantification method in isolating the slow exchange pool
from the fast exchange pool using low and high power, we simulated CEST Z-spectra using
the two—pool model with low o, values of 0.25uT, 0.5uT, and 1uT and the three—pool model
with low o, values of 0.25uT, 0.5 uT, and 1T and a high o, value of 3.6uT. Ae was varied
from -2000 Hz to 2000 Hz with steps of 50 Hz. The R;, and R’ spectra were obtained from
the three—pool model simulations using Eq. (8) and Eq. (9), respectively, with o, values of
0.25T, 0.5uT, 1puT and 3.6uT, and were compared with those obtained from the two—pool
model simulations with a o, of 0.25uT, 0.5 uT, and 1uT.

3. To assess how the presence of the fast exchange amine influences the quantification of
amide-water exchange parameters, we performed a three—pool model simulation with the
amine f, increased from 0% to 1% with a step of 0.2%, using o, values of 0.25uT, 0.5uT, and
1uT. The simulated CEST signals were generated with noises (S,) using the randn function

in MATLAB to reach a signal-to—noise ratio (SNR) of 500 by ((S + S)2+S, 2)1 /2 (44). The
R/ values at 3.5ppm for the three o, values were obtained and fitted to Eq. (3) to obtain the
amide f, and k., similar to that for processing the /n vivo data. One hundred datasets were
generated to determine the resulting variance in the fitted parameters.

The coupled Bloch equations can be written as % =AM + M,, where Aisa6 x 6 or9

x 9 matrix for the two-pool model or the three-pool model, respectively. The water and
solute pools each have three coupled equations representing their X, y, and z components. All
numerical calculations of the CEST signals integrated the differential equations through the
sequence using the ordinary differential equation solver (ODE45) in MATLAB 2018a (Math
Works, Natick, MA, USA).

RESULTS

Fig. 1a and 1b illustrate the results of the two-pool model simulation, showing the simulated
R, / w; and R., / w; values at 3.5ppm vs. o, respectively. The figures demonstrate that

R., / o} decreases greatly with the increase in o, values, while R/, / »; is roughly insensitive
to o, values. For instance, (R:, / o} with a o, of 1uT (7.39x1077) is approximately 7 times
that with a o, of 3.6UT (1.02x1077). On the other hand, R:, / »? with a o, of 1uT (4.00x1077)
is roughly equal to that with a o, of 3.6uT (4.01x1077)). This simulation verifies the
simplification presented in Egs. (5)-(7).

Fig. 2a-2c show simulated CEST Z-spectra and corresponding reference spectra from two—
and the three—pool model simulations at low o, values of 0.25uT, 0.5 uT, and 1uT. It

is evident from the figures that although APT has a narrow peak at 3.5ppm, the amine
CEST signal is very broad which decreases the baseline in the CEST Z-spectrum and
overlaps with APT. Fig. 2d shows the simulated CEST Z-spectra and reference spectra
from the three-pool model simulation at a high o, value of 3.6uT, where the APT peak
becomes unclear compared to the more significant amine CEST effect. Fig. 2e shows
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57 / w; spectra from the three-pool model simulation at low and high o, values. It is
evident that the broad baselines (0-2ppm, 4.5-5ppm) in these R.;’ / wi spectra, which are
from the fast exchange amine, acquired at the low and the high o,, respectively, overlap,
suggesting that the subtraction of the two R.;’ / i spectra can remove the contribution
from the fast exchange amine CEST effect. Fig. 2f-2h show R;, and R/, spectra from the
three-pool model simulation using Eq. (8) and Eq. (9), respectively, as well as R, and
R/, spectra from the two-pool model simulation at low o, values of 0.25uT, 0.5 uT, and
1uT, respectively. At 3.5ppm, the R;, and R/, values obtained using Eq. (8) and Eq. (9)

(R, =0.62%s", R, =0.23%s!) are 93% and 127% of those from the two-pool model
simulation (R, = 0.67 %5, R/, = 0.18 % s°1), respectively, for the low o, of 0.25uT. Similarly,
the R:, and R/, values obtained using Eq. (8) and Eq. (9) (R, =2.02%s™, R, =0.90%s!)

are 91% and 127% of those from the two-pool model simulation (R, = 2.21 %s™!,

R!, =0.71%s"), respectively, for the low o, of 0.5uT. Finally, the R, and R, values obtained
using Eq. (8) and Eq. (9) (R, = 4.56 %s’!, R/, = 3.60 % s’!) are 86% and 126% of those

from the two-pool model simulation (R, = 5.29%s™!, R/, = 2.86 %s™1), respectively, for the
low w, of 1uT. This simulation indicates that our method using low and high power can

approximately distinguish the contribution from the slow and fast exchange pool, albeit it
underestimates APT and overestimates the fast exchange CEST effect.

Fig. 3a and 3b show the average of CEST Z-spectra measured from the whole brains of
healthy rats, along with the corresponding reference Z-spectra obtained using EMR, for
low o, values of 0.25uT, 0.5uT, and 1T, as well as a high o, value of 3.6uT. Supporting
information Figure S1 displays the residuals of the EMR fitting, and the relatively low
RMS of the residuals suggests a high goodness of fit for the EMR. Supporting information
Table S1 lists the fitted semi-solid MT parameters in the animal experiments. Fig. 3¢
presents the R %, / w; spectra from the measured CEST Z-spectra, using low o, values
of 0.25uT, 0.5uT, and 1T, as well as a high o, value 3.6uT. It is worth noting that the

R f\wx / @; spectra obtained using the high o, value is a sloping line, which is likely
mainly from the fast exchange amine by comparison with the simulations in Fig. 2e. In
contrast, theR:, Z,.x / w; Spectra obtained using the low w, values should have contributions
not only from the fast exchange amine CEST effect but also from the slow exchange APT
effect. Additionally, there is a guanidinium proton CEST effect at 2ppm and a small CEST
effect at 2.6ppm, which may arise from phosphocreatine (45,46). These overlapping CEST
peaks also create a broad baseline, making it challenging to isolate the narrow APT peak
from the fast exchange amine CEST peak based on their peak shapes. Fig. 3d displays

the R., .y Spectra calculated using Eq. (8) and the R/, ... Spectra using Eq. (9) from the
measured CEST Z-spectra with the low o, values of 0.25uT, 0.5uT, and 1uT, respectively.
The R/, ...z values at 3.5ppm (0.18%s71, 0.71%s1, 2.84%s1) are approximately 27%, 31%,
and 65% of the R, .. values at 3.5ppm (0.66%s™1, 2.30%s™1, 4.39%s™1) for the low o,
values of 0.25uT, 0.5uT, and 1T, respectively. Considering the estimation bias from the
simulations in Fig. 2f-2h, the R/, ... values at 3.5ppm (0.18%s~1/127%, 0.71%s~1/127%,
2.84%s71/126%) should be approximately 20%, 22% , and 44% of the R;, .. values at
3.5ppm (0.66%s1/93%, 2.30%s~1/91%, 4.39%s1/86%) for the low o, values of 0.25uT,
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0.5uT, and 1uT, respectively. Fig. 4 shows the plot R;, ;. and R’ ., Values at 3.5ppm
obtained using Eq. (8) and Eq. (9) as well as their ratio vs. ,. It is important to note that
R, puz increases exponentially with o,, while R, ;- does not, resulting in an increase in
their ratio as w, increases.

Fig. 5a displays a plot of simulated R.;/ values at 3.5ppm vs. w, for six amine f, values.

It is notable that the R/ value increases with amine f,, especially at a higher o,. In Fig.
5b and 5c, the fitted amide f, and amide k,, values, respectively, are plotted against the six
fast amine f, values that were used to generate the simulated R, values at 3.5ppm. It can
be observed that the fitted amide f, and amide k,, values increase with higher fast amine f,
values.

Fig. 6a, 6¢, and 6e display the average of the measured CEST Z-spectra and the
corresponding reference spectra obtained using the six—pool model fit of the APT effect,
two—pool model fit of all CEST effects, and six—pool model fit with inclusion of all CEST
effects, respectively, from tumors. Fig. 6b, 6d, and 6f illustrate the average of the measured
CEST Z-spectra and the corresponding reference spectra obtained using the six—pool model
fit of the APT effect, two—pool model fit of all CEST effect, six-pool model fit with
inclusion of all CEST effect, respectively, from contralateral normal tissues. Supporting
information Figure S2 and S3 show the fitted models and the residuals of the six-pool model
and the two-pool model fit, respectively. The relatively low RMS of the residuals indicates
a high goodness of these fitting methods. Fig. 6g and 6h show the R, spectra (Re; ms_spoo._aprs
Rex_mii apoot_crsts QN0 Rey i spoor_cest) With @ @, of 1UT using the three quantification methods from
tumors and contralateral normal tissues, respectively. Note that the R, s spoo_cest(3.5ppm)
value is the highest, followed by R., i 2o cest(3.5ppm) and then R., e spoorarr(3.5ppm). This
is consistent with simulations in Supporting Information Figure S4 (simulation parameters
are shown in Supporting Information Table S2), which suggest that the six-pool model

fit of the APT effect has little or no contamination from the fast exchange amine, that

the two-pool model fit has some contribution from the fast exchange amine, and that the
six-pool model fit with inclusion of all CEST effects has the maximum contamination from
the fast exchange amine.

Fig. 7a-7c shows the mean and standard deviation of R., quantified by the three
quantification methods at 3.5ppm. Note that R., wa_spoo_apr(3-5pPM) and R, i apoor crst(3-5ppm)
showed no significant difference between tumors and contralateral normal tissues. This

is consistent with our previous reports using the same multiple-pool Lorentzian fit (24)

or a three—point fitting method (32), which have a minimum contribution from the fast
exchange amine. In contrast, R., wu spoo cest(3.5ppm) showed a significant difference between
tumors and contralateral normal tissues. This significant decrease in R, s spoo cest(3-5ppm)
in tumors is in agreement with our previous report in the quantification of the fast exchange
amine CEST effect in tumors (47). Therefore, the significant difference between tumors and
contralateral normal tissues in R, . spor_cest(3.5ppm) is likely due to contamination from the
fast exchange amine CEST effect but not APT.
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Fig. 8a and 8b display the fitted amide f, from the three quantifications in tumors and
contralateral normal tissues, respectively. Fig. 8c and 8d show the fitted amide k,, from the
three quantifications in tumors and contralateral normal tissues, respectively. It is evident
that the fitted f, and k,, increase with greater contamination from the fast exchange amine
CEST effect.

DISCUSSION

In this paper, we have demonstrated the contribution of the fast exchange amine to CEST
signals at 3.5ppm at low o, values ranging from 0.25 uT to 1uT and its impact on the
quantification of the APT effect and the associated exchange parameters. We have shown
that the fast exchange amine CEST effect increases exponentially with w,, consistent with
Eqg. (4) when o, in the denominator is ignored. At higher o, values, the increase in the APT
effect with o, becomes slower which is in agreement with Eq. (3). Due to this different
dependence on ,, the relative size of the fast exchange amine CEST effect to APT effect
increases at higher o, values. We have found that although this contribution from the fast
exchange amine is relative small (~20% of the APT effect) at o, values of 0.25uT and 0.5
UT, it cannot be ignored (~40% of the APT effect) at w, of 1uT at 9.4T. Based on Eq.

(3) and Eq. (4), this relative contribution would be even higher at lower fields since the
frequency offset between the amide and the fast exchange amine is closer. Additionally,
the guanidinium proton at 2ppm may also contribute to the CEST signal at 3.5ppm at
lower fields. Our study is based on steady—state CEST imaging. In non—steady—state CEST
imaging, the relative contribution from the fast exchange amine to CEST signals at 3.5ppm
may be stronger since the slow exchange pool takes longer to reach the steady state
compared to the fast exchange pool. Supporting Information Figure S5-S7 confirm that the
relative contributions from the fast exchange amine to CEST signals at 3.5ppm with higher
o, and at lower fields are stronger and that non-steady-state acquisition (saturation time is
1s, 2s, and 5s) has nearly no changes. Supporting information discussion S1 estimated the
fast exchange pool concentration and discussed its origin.

The presence of the fast exchange amine CEST effect may impact the specificity of some
APT quantification methods. Therefore, in applications such as stroke where both the APT
and the fast exchange amine CEST effects vary, it is important to carefully evaluate the
specificity of these quantification methods. Recently, a consensus paper suggests the use of
an asymmetric analysis of two CEST signals acquired at +£3.5ppm (MTR,,,.) With o, of 2uT
to obtain an APT weighted imaging, termed ATP,, in clinical human imaging at 3T MRI
(48). Supporting Information Figure S5-S7 indicate that the asymmetric analysis can reduce
the contribution from the fast exchange amine CEST effect since its peak is broad and may
extend to the other side of the water peak, especially at 3T. Further studies are necessary

to determine the relative contributions from the fast exchange amine CEST as well as the
guanidinium proton CEST effect to the MTR,,,,, at 3.5ppm at 3T.

Currently, there are several methods available to quantify CEST exchange parameters,
including the fitting of Bloch—-McConnell equations (49-54), quantification of exchange
rate using varying saturation power (QUESP)) or RF saturation time (QUEST) (55-58),
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omega plot analysis (59-62), ratiometric analysis (63-65), MR fingerprinting CEST and deep
learning-based approaches (14,15,46,66-69). However, to apply these methods to /n vivo
quantification, it is necessary to isolate the APT effect from the overlapping fast exchange
amine CEST effect. This step was ignored in most of the previous quantifications. Our
studies in Fig. 3 and Fig. 6 show that both the use of EMR and the fitting of background

DS and MT as reference signals cannot remove the fast exchange amine CEST effect. In
addition, although the multiple-pool Lorentzian fit with low o, values can minimize the
contribution from the fast exchange amine CEST effect, it does not work well at a higher

o, values, where the effect is more significant. This is because the fast exchange amine
CEST peak is not a Lorentzian function due to the coalesce effect, and thus cannot be
accurately modeled by the Lorentzian function (20,24,47). The relative contribution from the
fast exchange amine to CEST signals at 3.5ppm depends on the sequence parameters and

B,. The presence of a fast exchange amine CEST effect at low o, values may be one factor
that causes the different fitted amide—water exchange parameters in previous reports. Strictly
speaking, the slow exchange amide pool does not have a Lorentzian line shape according a
previous definition of the exchange effect in the rotating frame (70). However, since the APT
peak is narrow, it can be still approximated as a Lorentzian function.

In our previous publication (20), we utilized a similar quantification method with low

and high saturation power which is intended to not only separate the CEST effects from

the slow and fast exchange pools but recover the CEST peak line shape of the fast
exchange pools. However, because of this, the fitted CEST peak is modulated by the solute
resonance frequency offset, making it not straightforward to show the fitted CEST spectrum
containing contributions from all pools. In this paper, we have slightly modified the previous
method to directly demonstrate how the fast exchange amine CEST peak extends to the
amide offset and how the APT, fast exchange amine CEST, phosphocreatine CEST, and
guanidinium proton CEST effects sum up and contribute to the CEST Z-spectrum. Although
various quantification methods including APT* (32,71), polynomial and Lorentzian line-
shape fitting (PLOF) (19,72), average saturation efficiency filter (ASEF) (72,73), chemical
exchange rotation transfer (45,74-76), and Amine-proton exchange (APEX) (77), have been
developed to quantify the APT or fast exchange amine CEST effects, few methods are

used to estimate the fast exchange amine CEST effect at the low saturation power (i.e.,
=<1uT). The multiple-pool Lorentzian fit can quantify the amine CEST effect at low
saturation power, but it depends on the fitting models, as the six-pool model Lorentzian

fit actually reflects the average contribution from the fast exchange amine, phosphocreatine,
and guanidinium proton CEST effects. In Eq. (9) in this paper, we showed the relationship
between two fast exchange amine CEST effects acquired at high and low saturation power.
Based on this, we can estimate the fast exchange amine CEST effect at low saturation
power using the measured fast exchange amine CEST effect at high saturation power. With
this relationship, other quantification methods can be also utilized to evaluate the relative
contributions from APT and the fast exchange amines.

Previous reports have described downfield aromatic NOE (78,79). Since the NOE coupling
rate is usually slow, it does not affect our method for quantifying the fast exchange amine
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CEST effect. However, it may lead to overestimation of the APT effect, which suggests that
the relative size of the fast exchange amine CEST effect to APT effect could be even higher.

To obtain the background reference signal from MT and water saturation, we used EMR.
Supporting information discussion S2 discussed the robustness of the EMR method. In
supporting Information Figure S8, we calculated R, and R/, spectra from a seven-pool
model (amide at 3.5ppm, fast exchange amine at 3ppm, guanidinium proton at 2ppm, water,
NOE at —1.6ppm, NOE at —3.5ppm, semi-solid MT) with S,.; from the EMR fitting. We also
calculated R;, and R, spectra from a three-pool model (amide + amine + water) with S,
obtained using a single water pool model (as shown in Fig. 2f-2h). The R;, and R/, spectra
from these two simulation models match well, indicating that the EMR fitting successfully
remove the MT effect.

The AREX method was used to quantify the CEST effect, which requires high SNR signals
for the inverse subtraction of reference and label signals. Monte Carlo simulations of R;,
and R, at 3.5ppm at various noise levels are presented in Supporting Information Figure S9,
indicating that the estimation of R:, at low o, values of 0.25uT and 0.5uT requires high SNR
signals. To ensure sufficient SNR in estimating R}, and R/, in Fig. 3 and Fig. 4, we averaged
CEST signals from the whole brains of the five animals.

CONCLUSION

Our results demonstrate that the relative contribution of the fast exchange amine CEST
effect relative to APT increases with higher w,. At 1uT (9.4T), the fast exchange

amine CEST accounts for about 40% of the APT effect, indicating its significance.

This contribution is expected to be even more substantial at lower fields, non—steady-

state acquisitions, or higher w, values. Accurate quantification of amide-water exchange
parameters requires careful consideration of experimental design to minimize the impact of
the fast exchange amine CEST effect.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

Simulated R;, / i () and RZ / w; (b) at 3.5ppm vs. o, from the two-pool model simulation,
where amide + water were used for the slow exchange effect and amine + water were used
for the fast exchange effect.
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Fig 2.

CEST Z-spectra (S.,) and the corresponding reference spectra (S,) from the two-pool
(amide + water for the slow exchange effect, amine + water for the fast exchange effect)
model and the three-pool (amide + amine + water) model simulation with low o, values

of 0.25uT, 0.5uT, and 1uT (a-c), as well as the three-pool model simulation with a high o,
value of 3.6uT (d). R/ / w; spectra from the three-pool model simulation with o, values
of 0.25uT, 0.5uT, 1uT and 3.6uT (e). R, spectra using Eq. (8) and R/, spectra using Eq.

(9) from the three-pool model simulation with the low w, values of 0.25uT, 0.5uT, and 1T,
respectively (f-h). R, and R/, spectra from the two-pool model simulation with the low o,
values of 0.25uT, 0.5uT, and 1uT were also plotted in (f-h) for comparison with those from
the three-pool model simulation. The three reference spectra (dashed lines) in (a-c) overlap.
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Fig. 3.
Averaged CEST Z-spectra from the whole brain (S,,,) and the corresponding EMR fitted

reference spectrum (S.;) acquired with low o, values of 0.25uT, 0.5uT, and 1uT () as well as
a high o, value of 3.6uT (b). R.; f,.x / i spectra with the low , values of 0.25uT, 0.5uT, and
1uT as well as the high o, value of 3.6UuT (c). R, rvz and R’ \x SPectra obtained using Eq.
(8) and Eq. (9) with the low o, values of 0.25uT, 0.5uT, and 1uT, respectively (d).
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Fig. 4.

R., enr and RZ .y Values at 3.5ppm obtained using Eq. (8) and Eq. (9) (a, b) as well as their
ratio (c) vs. m, from the whole brain. Dashed lines are from the spline interpolation.
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Fig. 5.
Simulated R’ values at 3.5ppm vs. o, for six fast exchange amine f, values (a). Fitted

amide f, (b) and amide k,, (c) vs. the six fast exchange amine f, values from the simulated
++/ values at 3.5ppm. The dashed lines in (c) and (d) represent the ground truth values of
the amide f, (0.1%) and amide k,, (100s™1).
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Average CEST Z-spectra and the corresponding reference spectra obtained using the six-
pool model fit of APT effect (mfit_6pool_APT) (a, b), two-pool model fit of all CEST
effect (mfit_2pool_CEST) (c, d), and six-pool model fit with inclusion of all CEST effect
(mfit_6pool_CEST) (e, f), respectively, from tumors (left column) and contralateral normal
tissues (right column). R., spectra with o, of 1uT obtained using these three quantification
methods from the tumors (g) and the contralateral normal tissues (h).
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Mean and standard deviation of R., at 3.5ppm quantified by the six-pool model fit of APT
effect (a), the two-pool model fit of all CEST effects (b), and the six-pool model fit with
inclusion of all CEST effects (c), from tumors and contralateral normal tissues.
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Fitted amide f, (a, b) and amide k,, (c, d) from the measured R., quantified using the
six-pool model fit of APT effect (mfit_6pool_APT), two-pool model fit of all CEST
effect (mfit_2pool_CEST), and six-pool model fit with inclusion of all CEST effect
(mfit_6pool_CEST), respectively, from tumors (left column) and contralateral normal tissues

(right column).
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Starting points and boundaries of the amplitude (A), width (W), and offset (A) of all pools in the Lorentzian fit

including the six-pool model and the two-pool model fit. The unit of peak width and offset is ppm.

Start | Lower | Upper
Awater 0.9 0.02 1
Wiyater 14 0.1 10
Dyater 0 -1 1
Agmide 0.025 | 0 0.2
Wamide 0.5 0.4 3
Damide 35 3 4
Aamine 0.01 0 0.2
Wamine 15 05 5
Damine 2 1 3
AnoE(18) 0001 | 0 0.2
WnoE(-1.6) 1 0 15
ANoE(-1.6) -15 | -2 -1
ANOE(-35) 002 |0 1
WNoE(-35) 3 1 5
Dnog(-35) -35 | -45 -25
Asemi-soliamt | 0.1 0 1
Weemi-solia mT | 25 10 100
Aemisotiamt | 0 -4 4
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Sample parameters in the numerical simulations.

water | amide | fast amineat 3ppm
f, (%) 100 0.1 0,0.204,06,08,1.0
ko Y | - 100 5000
Ty () 15 15 15
T, (ms) 60 2 10
A(ppm) | O 35 3
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