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Abstract

Purpose: The purpose is to evaluate the relative contribution from confounding factors (T, and
MT) to the chemical exchange saturation transfer ratio (CESTR) quantified APT and NOE(-3.5)
in tumors as well as whether the CESTR can reflect the distribution of the solute concentration

(fs)-

Methods: We first provided a signal model that shows the separate dependence of CESTR on
these confounding factors and the clean CEST/NOE effects quantified by an apparent exchange-
dependent relaxation (AREX) method. We then measured the change in these effects in the 9L
tumor model in rats, through which we calculated the relative contribution of each confounding
factor. fs was also fitted, and its correlations with the CESTR and AREX was assessed to evaluate
their capabilities to reflect fs.

Results: The CESTR-quantified APT shows ‘positive’ contrast in tumors, which mainly arises
from Ry, at low powers and both Ry, and MT at high powers. CESTR-quantified NOE(-3.5)
shows no or weak contrast in tumors, which is due to the cancellation of R;,, and NOE(-3.5)
which have opposite contributions. CESTR-quantified APT has a stronger correlation with APT
fs than AREX-quantified APT. CESTR-quantified NOE(-3.5) has a weaker correlation with
NOE(-3.5) fs than AREX-quantified NOE(-3.5).

Conclusion: CESTR reflects a combined effect of T4y, and CEST/NOE. Both of these factors
depend on fg, which contributes positively to the dependence of CESTR on fg in APT imaging
and enhances its correlation with fs. In contrast, these factors have opposite contributions to its
dependence on fg in NOE(-3.5) imaging, thereby weakening the correlation.
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INTRODUCTION

Chemical exchange saturation transfer (CEST) and nuclear Overhauser enhancement
(NOE)-mediated saturation transfer are relatively new molecular MR imaging mechanisms
which allow indirect detections of solute molecules with exchangeable protons or dipolar-
coupled protons with enhanced sensitivity (1-6). In CEST/NOE imaging, a Z-spectrum,
which is the plot of the water signal as a function of the frequency offset of the saturation
pulses, is usually obtained so that different molecules with different resonance frequency
offsets can be identified. Amide proton transfer (APT) is a variation of CEST imaging that
detects the saturation transfer effect from mobile proteins/peptides and can be measured

at approximately 3.5ppm from water (7). Nuclear Overhauser enhancement (NOE)-
mediated saturation transfer imaging detects the saturation transfer effect from mobile
macromolecular components with finite linewidth (e.g., large proteins, phospholipids) which
can be measured at approximately —3.5ppm (8-12). These biomolecules are important
tissue components that vary in multiple disorders. For example, protein overexpression

(i.e., increased protein concentration) has been used as an imaging molecular biomarker

for diagnosing tumors (13,14). Additionally, the concentration of most phospholipid species
decreases in tumors, which has also been suggested as another cancer biomarker (15).
Accurate and specific detection of variations in the concentration of these biomolecules in
tissues is significant for both clinical diagnoses and research on the underlying pathologies.

However, as an indirect method for molecular imaging, CEST/NOE signals depend on

not only the saturation transfer effect from the solute pool of interest but also on the

water longitudinal relaxation time (7', = 1/R,,) as well as the background signal, including
contributions from the direct water saturation (DS) and semisolid magnetization transfer
(MT) effects (16). In addition, the saturation transfer effect has contributions from not

only the solute concentration (fs) but also other sample parameters, including the solute-
water chemical exchange rate or cross-relaxation rate (Ksy,) and the solute transverse
relaxation rate (T, = 1/R,,). These nonspecific factors may vary in different pathologies,
thus reducing the accuracy and specificity of CEST/NOE imaging in detecting the solute
molecular concentration leading to misinterpretations. Conventionally, a label signal that
has contributions from both the CEST/NOE effect and the background signal and a
reference signal that has contributions from only the background signal are first measured.
The difference in the label and reference signals normalized to a control signal with no
saturating pulses (1) or normalized to the reference signal (17-20), termed the chemical
exchange saturation transfer ratio (CESTR), is then used to reduce the contributions from the
background signal (1). However, CESTR cannot fully remove the nonspecific background
signal. Previously, we have performed the first order Taylor series approximation of the
CEST signal (21), in which the 0t order term can be looked as the reference signal and

the 15t order term is the product of the square of the reference signal, T1ops, and the CEST
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effect (T1ons = 1/ R1gps IS the observed water longitudinal relaxation time). Although the
reference signal in the O™ order term can by removed by CESTR, the reference signal in the
15t order term cannot be removed. It scales the CEST effect and introduces non-specificities
to CESTR. This scaling effect has been also reported and termed “shine through’ effect

in previous publications (16,22,23). Additionally, CESTR has a complex dependence on
T1w (21). Therefore, CESTR only provides a CEST/NOE-weighted signal. Evaluation of
the relative contribution from each nonspecific factor to the CESTR contrast can help to
interpret its contrast origin.

At low static magnetic fields in most clinical human imaging, the reference signal is usually
obtained by an asymmetric analysis method, and is termed magnetization transfer ratio
using asymmetric analysis (MTR,,,.). The asymmetric analysis method is simple, but may
cause additional contaminations from other pools symmetrically on the other side of the
water peak. At high fields, a more accurate reference signal can be obtained by using

other quantification methods, such as the multiple-pool Lorentzian fit (12,24-26), chemical
exchange rotation transfer (CERT) (27-32), and variable delay multiple pulse (VDMP)
(33,34). Previously, we evaluated the dependence of the MTRasym-quantified APT signal

on T4y, With experiments and simulations focused on low fields where there is a significant
DS effect (21). We found that there are two types of Ty, effects, termed Ty, recovery

and Tyy,-related saturation effects, which have opposite influences on the MTRasym. The
Taw recovery effect reflects the dependence of MTR,sym On Ty due to the recovery of
water longitudinal magnetization. The Ty, -related saturation effect reflects the dependence
of MTR,sym 0on Ty, due to the “shine through” effect from DS. Specifically, with increasing
T1w, the Ty, recovery effect increases the MTR,sym, but the Ty,-related saturation effect
decreases the MTRasym. By choosing appropriate saturation powers so that the two Ty
effects can be counterbalanced, the MTR,sym could be roughly insensitive to Ty,,. However,
at high fields where the DS effect is usually weak, the insensitivity of the CESTR to Ty,
may not be achieved. The dependence of CESTR on Ty, as well as other effects at high
fields has not been evaluated.

In some diseases such as cancer, changes in both Ty, and MT effects have been observed.
Although CESTR-quantified APT-weighted imaging and NOE-weighted imaging have been
widely applied in tumors previously (14,35-46), the contributions from the change in these
nonspecific factors to the CESTR contrast between tumors and normal tissues as well as its
ability to reflect the distribution of corresponding molecular concentrations in tumors are
unknown. To fully remove the contamination from Ty, MT, and DS effects, an apparent
exchange-dependent relaxation (AREX) method was also developed to quantify CEST/NOE
effects. AREX values depend only on the solute exchanging parameters, including fs,

Ksw,» and Ry, but not other sample parameters which thus can provide more specific
quantification of CEST/NOE effects than CESTR (16,22,47). However, whether AREX
imaging can reflect the distribution of the corresponding molecular concentration in tumors
is also unknown. In this paper, we first provided an approximate signal model to show the
separate dependence of CESTR on the Ty, recovery effect, the background signal, and the
CEST/NOE effects; we then measured the change of these effects in animal tumor models
through which we can calculate the separate contribution from change in each of these
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effects to the CESTR contrast between tumors and normal tissues. Last, we fitted the proton
concentration of the solute molecules and examined its correlations with the CESTR and
AREX to determine whether they can reflect the distribution of the corresponding molecular
concentration in tumors.

In a three-pool model including CEST/NOE, DS, and MT, 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) (16,22),

R (dw)

i + R.; (4w) (@h)

R, (dw) ~ R, (Aw)+

Where Aw is the RF saturation pulse frequency offset from water. R, (Aw), R.(Aw),
REEST (Aw), and RMT, (Aw) are the water longitudinal relaxation, water relaxation, target

CEST/NOE effect, and MT effect in the rotating frame, respectively. fy, is the semi-solid MT
pool concentration. R,,(Aw) can be described by (22,47),

S ORlobs

R ,(Aw) =~ SCAo) )

where S(Aw) is the measured CEST signal and Sy is the control signal.

By substituting R,,(Aw) in Eq. (1) with Eq. (2) and expanding it in powers of RE5T_ (Aw),
we can obtain

S()Rlobx
CEST,
A -
Ry, + 2580 4 R (40)
SRy, SoR,,, R (Aw)

"R, RGO (R, + R (M) 1+ /)

S(Aw) ~
(3

+ -

RCEST

In APT and NOE imaging in biological tissues, «(Am) is much less than

R + RMT_ (Aw) (48). Therefore, the first two items in Eq. (3) dominate the CEST signal.

RCEST

Eqg. (3) can represent S,,(Aw). By setting «(Aw) to zero, we can obtain S.(Aw),

SORlabx

Srﬂf’(Aw) N oMt
R.;;+ R, (Aw)

4

In this paper, we termed the CESTR with normalization to the control signal CESTR, and
the CESTR with normalization to the reference signal was termed CESTRp;. Using Eq. (3)
and Eq. (4), an approximate model of CESTR; and CESTRy; can be then derived,
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CESTR(4w) ~ - R (Aw) (5)

re[(A[u)
Rlobx ( ) 1 + f

1 S.,(dw) 1

CEST Ri(dw) & p—+ S

- R (Aw) ©6)

Here, we termed ‘1/R1qps’ the T4,y recovery effect similar to that in our previous publication
(21). The term S../S, Or (S.:/S)” represents the background signal (or reference signal),
which should mostly arise from the MT effect at £3.5 ppm at high fields and when relatively
low saturation powers are used. R°EST_ can be described by Eq. (7) (22) and quantified by
the AREX defined in Eg. (8) (16),

CEST _ f;kxu;wlz
@i + (Ros + Kook + —p—p—=
SO Sg CEéT
AREX(4o) = | ¢ o)~ S (4w) R, (1+ f,)= (Aw) ®

where R,,(1/T,) is the solute transverse relaxation rate and A is the solute frequency offset.
Simulations in Supporting Information Figs. S1-S4 show that the approximate model in
Eqg. (5) and Eqg. (6) can provide a rough estimation of CESTR. Simulations in Supporting
information Figs. S5-S8 further suggest that CESTR is roughly proportional to each
contributor.

Inspired by the approximate model in Eq. (5) and Eqg. (6), we defined

Caeste = CESTR_/CESTR_,, in which “t” represents tumors and ‘n’ represents normal tissues,
to analyze the separate contribution from change in the Ty, recovery effect, MT effect, and
CEST/NOE effect to the CESTR contrast in tumors. Ccestr can be then modeled by,

Cersrr & CRlabJCMTCREC;EST 9)

RI;‘““ " represents the contribution from the variation of the Ty, recovery effect
lobs_t

re Sn 1+fmn Sre Sn1+fmn 1 1
f_t 20 _ f_t 20 _
t0 CeesTR; Cur = (5= o Ses) TS, OF Cur =g =g =7 - represents the contribution

where Cg,,,, =

from the variation of the MT effect to Ccegtr for CESTR| and CESTRyy, respectively;

AREX,
AREX,

Simulations in Supporting Information Figs. S9-S12 show that the approximate model
in Eq. (9) can provide an accurate estimation of Ccgstr. Simulations in Supporting
information Figs. S13-S16 further suggest that Ccgstr iS also proportional to each
contributor.

and Crgesr = represents the contribution from the variation of the CEST/NOE effect.
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Animal Preparation

MRI

Eight rats bearing 9L tumors were included in this study. For brain tumor induction, each
rat was injected with 1 x 10° 9L glioblastoma cells in the right brain hemisphere, and

was then imaged after 2 to 3 weeks. All rats were immobilized and anesthetized with

a 2%/98% isoflurane/oxygen mixture during data acquisition. Respiration was monitored
to be stable, and a constant rectal temperature of 37°C was maintained throughout the
experiments using a warm-air feedback system (SA Instruments, Stony Brook, NY, USA).
All animal procedures were approved by the Animal Care and Usage Committee of
Vanderbilt University Medical Center.

All measurements were performed on a Varian DirectDrive™ horizontal 9.4 T magnet with
a 38mm Litz RF coil (Doty Scientific Inc. Columbia, SC). CEST measurements were
performed by applying a CW-CEST sequence with a 5s CW irradiation pulse with o, of
0.25uT, 0.5uT, and 1uT followed by single-shot spin-echo echo planar imaging (SE-EPI)
acquisition. Z-spectra were acquired with RF offsets at 4000, £3500, +3000, and from
—2000 to 2000 Hz with a step of 50 Hz (=10 to 10 ppm on 9.4 T) (49). S were obtained by
setting the RF offset to 100 kHz (250 ppm on 9.4T). Apparent water longitudinal relaxation
rate (R1ops) and semisolid MT pool concentration (f,) were obtained using a selective
inversion recovery (SIR) method with inversion times of 4, 5, 6, 8, 10, 12, 15, 20, 50, 200,
500, 800, 1000, 2000, 4000, and 6000 ms (50). All images were acquired with matrix size
64 x 64, field of view 30 x 30 mm?2, and one acquisition.

Multiple-pool Lorentzian fit and the fitting of exchange parameters

We used multiple-pool Lorentzian fitting to process the CEST Z-spectrum. Eq. (10) gives
the model function of the Lorentzian fit method.

S(Aw) N
=5 =1- Z:]L,»(Aw) (10)

Here, L(Aw) = A/(1 + (Aw — Ai)zl(O.SWi)z), which represents a Lorentzian line with central
frequency offset from water (A,), peak full width at half maximum (W;), and peak amplitude
(A)). N is the number of fitted pools. Specifically, a six-pool model Lorentzian fit was
performed to process the Z-spectra. The model contains amide, amine, water, NOE at
-1.6ppm (NOE(-1.6)) (12,51-55), NOE at -3.5ppm (NOE(-3.5)), and semisolid MT
components. The number of fitted pools was estimated by observing exchange/coupling
effects on Z-spectra. The fitting was performed to achieve the lowest root mean square
(RMS) of residuals between the measured data and model. The Lorentzian fit was performed
voxel by voxel. Supporting Information Table S1 lists the starting points and boundaries of
the fit. The goodness of fit was observed by the sum of squared errors.

Since a CEST/NOE pool could be influenced by many other pools, we defined Sf to
have contributions from all other pools but not the corresponding CEST/NOE pool. S0 Set
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for APT, amine at 2ppm, NOE(-1.6), and NOE(-3.5) were obtained by the sum of all
Lorentzians except the corresponding pool in Eq. (10); Sjap Was obtained by the sum of all
Lorentzians in Eqg. (10) (56). Simulations in Supporting Information Figs. S17 and S18 show
that the multiple-pool Lorentzian fit can provide accurate estimation of Sye;. CESTR- and
CESTRp-quantified CEST/NOE effects were then obtained by subtracting S, from Syer.
AREX-quantified CEST/NOE effects were then obtained by inversely subtracting Sjgp from
Sref and with Ty, normalization according to Eq. (8).

Previously, we have shown that the AREX metric using Syt from the multiple-pool
Lorentzian fit can provide relatively accurate estimation of RS™" when o, = < 1uT at 9.4T
(48). Here, RS™" spectra were obtained using the AREX metric and the multiple-pool
Lorentzian fit. fs, ks, and Ryg were obtained by fitting RS”" (with Ao from 5ppm to 2ppm
for APT and from —2ppm to —5ppm for NOE(-3.5)) acquired with the three o, values to Eq.
(7). Since the fitting of fs, kg, and Rog requires a high SNR, we do not provide their maps.
Instead, we first averaged the RS™" values from all voxels in a region of interest (ROI) of

tumor or contralateral normal tissue, and then fit their values.

Numerical simulations

Numerical simulation of coupled Bloch equations were performed to evaluate the accuracy
and reliability of the fitting method for quantifying fs. Simulated CEST Z-spectra with

RF saturation time of 5s and with w, of 0.25uT, 0.5uT, and 1 uT were first created

using a seven-pool (amide at 3.5 ppm, fast exchanging amine at 3 ppm, intermediate
exchanging guanidinium at 2ppm, water at Omm, NOE(-1.6), NOE(-3.5), and semi-solid
MT at —2.3ppm) model mimicking complex biological tissues. Sample parameters for the
simulations are shown in Supporting information Table S2. Noises (S,,) were generated

by randn function in MATLAB, and were added to the simulated CEST signals by

(S+S.)% + Sn2)1/2. Other data processing to quantify AREX spectra from the simulated
Z-spectra and to further fit fg, kg, and T, was the same as that for processing the /in vivo
data. SNR was calculated using the ratio of the noise to the equilibrium water signal. At each
noise level, 100 data sets were generated to determine the resulting variance in the fitted
parameters.

% = AM + M,, where A is a 19 matrix

for the seven-pool model. 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).

The coupled Bloch equations can be written as

Data analysis and statistics

Student’s t-test was employed to evaluate the difference of all MRI/CEST parameters
between tumors and contralateral normal tissues. Correlations between all MRI/CEST
parameters and fs were performed. Spearman’s r and p values were provided. The
corresponding linear regression was also provided to indicate how these parameters are
correlated in a linear manner. It was considered to be statistically significant when p < 0.05.
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ROIs of tumor were outlined from the f,, map with values less than a threshold of 7%. ROIs
of contralateral normal tissue were chosen to mirror the tumor ROls.

RESULTS

Fig. 1 and Fig. 2 show the Monte Carlo simulation of the fitting method for quantifying
the APT fg and the NOE(-3.5) f;, respectively, with a variety of noise levels. The mean
coefficient of variation is 11.97% for the fitting of APT fg in Fig. 1d and is 3.54% for

the fitting of NOE(-3.5) f in Fig. 2d when the SNR is 250. The normalized root mean
square error (NRMSE) between the mean of the fitted f; and the ground truth is 2.03% for
the fitting of APT fg in Fig. 1d and is 4.01% for the fitting of NOE(-3.5) fs in Fig. 2d
when the SNR is 250. The relatively low coefficient of variation and NRMSE suggest that
the fitting method for quantifying fg is accurate. Supporting Information Figs. S19 shows
the Monte Carlo simulation of this fitting method for quantifying f for a variety of varied
sample parameters, which suggests that the fitted fg is roughly independent of other sample
parameters and thus is reliable.

Fig. 3a and 3b show the average CEST Z-spectra (or Siap) and the corresponding Syef for

the multiple-pool Lorentzian fitting of APT and NOE(-3.5), as well as the fitting residuals
from tumors and contralateral normal tissues of the eight rats with o, of 1pT. APT at 3.5ppm,
amine at 2ppm, NOE at —1.6ppm and —3.5ppm, and the broad semisolid MT can be clearly
observed on the CEST Z-spectra. The small residuals (< +£0.2%) in the frequency range

of APT and NOE peaks indicate the success in the multiple-pool Lorentzian fit of these
CEST/NOE effects. Fig. 3c—-3h shows the spectra of CESTR,, CESTRy;, and AREX for APT
and NOE(-3.5) with o, of 1pT. Supporting Information Fig. S20 and S21 show these spectra
with , of 0.25uT and 0.5uT, respectively.

Table 1 lists the values of CESTR,, CESTRyy, Sye/Sg, and AREX for APT at 3.5ppm and for
NOE at —3.5ppm, Ry, fm, as well as the fitted f, kg, and Ry from tumors and contralateral
normal tissue. There were significant differences between tumors and contralateral normal
tissues for CESTR|- and CESTRy-quantified APT, Rigps, fm and APT fg but not for
AREX-quantified APT for all o, values. In contrast, there were significant differences
between tumors and contralateral normal tissues for both the CESTR- and AREX-quantified
NOE(-3.5) as well as the NOE(-3.5) f; for all o, values, except the CESTR,-quantified
NOE(-3.5) with an , of 1uT. Fig. 4 shows the maps of CESTR,, CESTRy;, and AREX for
APT at 3.5ppm and for NOE at —3.5ppm with o, of 1pT from a representative rat brain. Fig.
S22 shows these maps with o, of 0.25uT and 0.5uT. Positive CESTR contrast, but no or weak
AREX contrast, for APT imaging can be clearly observed, especially at higher o, values.
Negative AREX contrast, but no or weak CESTR contrast, for NOE(-3.5) imaging can be
clearly observed, especially at higher o, values.

Fig. 5 and Fig. 6 show the Ccestr and each of its contributors (i.e., Cx,,,,, CmT, and Crgesr)
for APT and NOE(-3.5) from the eight rats. The average ICycest — 11 for APT is very small
compared with the average |Ccestr-1| for all , values; the average |Cyt-1| for APT is also
very small at o, of 0.25pT and 0.5pT but increases at o, of 1uT; the average ICy,,, — 11 is
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comparable to the average |Ccestr-1| for APT at @, of 0.25uT and 0.5uT but is relatively
smaller than it is at o, of 1pT; both the average ICy,,,, — 11 and average |Cyr-1| are major
contributors to |Ccgstr-1| at w, of 1uT. This result suggests that the change in Rygpg in
tumors dominates the CESTR contrast at lower w, values, and both Rygps and the MT
effect dominate the CESTR contrast at higher o, values. Both the average Crcesr and the

average Ccestr for NOE(—3.5) are less than 1, and the average ICcesr — 11 is larger than the
average |Ccestr-1| for all o, values. In contrast, both the average Cx,,,, and average Cyt

for NOE(-3.5) are greater than 1; similar to APT, the average |Cyt-1| for NOE(-3.5) is
also very small at o, values of 0.25uT and 0.5uT, but increases at o, values of 1pT. This
result suggests that changes in both R1qps and NOE(-3.5) effect in tumors contribute to
the CESTR contrast at lower w, values and changes in Rigps, MT effect, and NOE(-3.5)
effect in tumors contribute to the CESTR contrast at higher o, values. Additionally, the
contributions from Rps and NOE(-3.5) effect are in opposite directions, causing the
reduced CESTR contrast. In addition, compared with CESTR,, CESTRy has a reduced
contribution from the MT effect for both the APT and NOE(-3.5). However, CESTRy; still
cannot remove the contribution from Rqgps.

Fig. 7 summarizes the correlations between the APT effect quantified by the three CEST
metrics (CESTR;, CESTRy;, AREX) and the corresponding APT fg from both the tumors
and the contralateral normal tissues. Significant correlations between the CESTR-quantified
APT effect and the APT f, but not between the AREX-quantified APT effect and the

APT f;, for all , values were found. Fig. 8 summarizes the correlations between the
NOE(-3.5) effect quantified by the three CEST metrics (CESTR;, CESTRy;, AREX) and
the corresponding NOE(-3.5) fs from both the tumors and the contralateral normal tissues.
Significant correlations between the NOE(-3.5) effect quantified the three CEST metrics
and the NOE(-3.5) f; for all o, values (except the CESTR-quantified NOE(-3.5) for

o, value of 1uT) were found. However, the correlation between the AREX-quantified
NOE(-3.5) effect and the NOE(-3.5) f; is stronger than the correlation between the CESTR-
quantified NOE(-3.5) effect and the NOE(-3.5) f.

Fig. 9 summarizes the correlations between the confounding factors (1/R1gps, Sref/Sg With
the three w,) and the APT fg and NOE(-3.5) f;, respectively, from both the tumors and the
contralateral normal tissues. Although 1/Rq4ps has positive correlation with APT fg, it has
negative correlation with NOE f,. Supporting Information Fig. S23 and S24 summarizes the
correlations between other MRI/CEST parameters (f,, all CESTR- and AREX-quantified
CEST/NOE effects with the three o,, NOE(-3.5) or APT f;) and the APT fs and NOE(-3.5)
fs, respectively, from both the tumors and the contralateral normal tissues. Significant
correlations of 1/R1gps, frn, NOE(-1.6) and NOE(—3.5) quantified by the three metrics
(except the AREX-quantified NOE(-3.5)) with the APT f5 were found. However, the
correlation between these MRI/CEST parameters and the APT fg is not as strong as that
between the CESTR and the APT f,. Significant correlations of 1/R1gps, Sref/Sg With all

o, values, f,, CESTR;-quantified APT, CESTR-quantified NOE(-1.6) and APT, as well
as AREX quantified amine and NOE(-1.6) with the APT fg were found. However, the
correlation between these MRI/CEST parameters (except 1/R1gps and Sye/Sg with a o, value
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of 1uT) and the NOE(-3.5) fs is not as strong as that between the AREX and the NOE(-3.5)
fs.

DISCUSSION

Although it has been noticed that the APT/NOE-weighted imaging in tumors has
contaminations from both Tq4ps and MT effects (57), it is still not clear about how

these confounding factors influence the APT/NOE-weighted imaging and how much their
relative contributions are. This may be due the short of appropriate signal models for
analyzing the contributions from the confounding factors. Although a few signal models
have been previously derived from the coupled Bloch equations, they are very complex,
especially when multiple pools for modeling biological tissues are considered, which do
not show intuitive dependencies on the confounding factors and the CEST effects (3). In
this paper, we provided a new approximate signal model which can be approximated as the
multiplication of three independent terms, which are determined by the T4, recovery effect,
MT effect, and CEST/NOE effect, respectively. This approximate signal model allows us to
analyze each of the contributors separately.

Although the CESTR-quantified APT is not specific to the APT effect, it has a stronger
correlation with the APT fg than the AREX-quantified APT. This is consistent with

a previous report showing a strong correlation between the MTRsym-quantified APT

and protein content using proteomic analysis (13). Fig. 7 shows that there are positive
correlations between the AREX-quantified APT and the APT fg with relatively low p values
(close to 0.05) although there are no statistical significance. Fig. 9 shows that there is a
significant positive correlation between 1/R1qps and the APT fg. Since CESTR is roughly
equal to the production of 1/R1gps, Sref/So/(1+fm) OF (Sre/So)?/(1+fy,), and REET as shown in
Eqg. (5) and Eq. (6), the strong correlation between the CESTR-quantified APT and the APT
fs may be due to the enhancement effect from both 1/Rq4s and the APT effect. Therefore,
the CESTR-quantified APT contrast between tumors and normal tissues should reflect a
combined effect from these two APT fs-sensitive factors, which is thus more strongly related
to the APT fg than all other MRI/CEST parameters analyzed in this paper. CESTR is a
widely used method to quantify APT effect which has shown interesting contrast in tumors,
suggesting that it may reflect the underlying biomarker. Our results provide insight into the
interpretation of the contrast origin of the APT/NOE-weighted imaging in tumors at high
fields.

The CESTR-quantified NOE(-3.5) is not specific to the NOE(-3.5) effect. Different from
the APT, the correlation between the CESTR-quantified NOE(—3.5) and the NOE(-3.5) f
is not as strong as that between the AREX-quantified NOE(-3.5) and the NOE(-3.5) f.
Fig. 8 shows that there are significant positive correlations between the AREX-quantified
NOE(-3.5) and the NOE(-3.5) fs. Fig. 9 shows that there are significant negative
correlations between 1/R1qps and the NOE(—3.5) fs. The relatively weaker correlation
between the CESTR-quantified NOE(-3.5) and the NOE(-3.5) f; than that between the
AREX-quantified NOE(-3.5) and the NOE(-3.5) fs should be due to the cancellation effect
from 1/R1qps and the NOE(-3.5) effect which have opposite influences on the CESTR-
quantified NOE(-3.5) contrast. The positive correlations of both the CESTR-quantified
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NOE(-3.5) and the AREX-quantified NOE(-3.5) with the NOE(-3.5) f; suggest that the
contribution from the NOE(-3.5) effect to the CESTR-quantified NOE(-3.5) dominates
that from Rqgps. Therefore, the CESTR-quantified NOE(-3.5) contrast between tumors
and normal tissues should mainly reflect the NOE(-3.5) effect, but has negative but small
contributions from 1/Rqgps.

Previously, it was indicated that the APT fg has little impact on Rqgps (16). But significant
correlation between 1/Rq4ps and APT fg was found in Fig. 9a. This can be explained by that
the amide concentration reflects the concentration of proteins which influence Ry through
other fast exchanging protons (e.g., amines, hydroxyls) and/or dipolar-coupled protons. In
addition, significant correlation between f,, and APT fg was found in Supporting information
Fig. S23a. The mechanism is unclear. Supporting information Figl7. Sj-SI show that the
multiple-pool Lorentzian fitted S, matches the ground truth simulated Syt very well with
varied fy,, suggesting that this correlation is not due to the failure of the multiple-pool
Lorentzian fit in separating APT from MT.

Our conclusion about the relative contributions from confounding factors to the APT/NOE
contrast in tumors relies on the accuracy of the approximate model in Eq. (9). In Supporting
Information Fig. S1-S16, although the deviations of the approximate model in Eg. (5) and
Eq. (6) are from a few percent to more than ten percent, the deviations of the approximate
model in Eq. (9) are very small (<3%). The deviations in Eq. (5) and Eqg. (6) are due to the
ignorance of the higher order terms of the Taylor series. However, these higher order terms
may have a roughly similar form of dependence on the contributing factors to that in Eq. (5)
and Eq. (6). Thus, the ratio of two CESTR values from tumor and normal tissues in Eq. (9)
has less influence from the ignorance of the higher order terms.

Our conclusion about the capability of the CESTR and AREX to reflect the solute molecular
concentration relies on the accurate and robust fitting of f. Fig. 1 and Fig. 2 show that
although the fitting of kg,, and Ry are unreliable, the fitting of f; is relatively accurate

and robust. Our fitted APT fg values are much smaller than those reported in previous
publications (58-61). This may be due to the use of different models. Previously, we showed
that the fast exchanging amine CEST effect is present at both high and low w, values (e.g.

1 uT) and has significant contributions to the CEST signal at 3.5ppm (48,62). We also
showed that the influence of the fast exchanging amine CEST effect on the quantification of
APT can be significantly reduced by multiple-pool Lorentzian fit with o, = < 1uT at 9.4T.

In this paper, we used low o, values and the multiple-pool Lorentzian fit to reduce the
contamination from the fast exchanging amine CEST effect. However, in previous papers,
the contribution from the fast exchanging amine CEST effect was not considered.

In this paper, we used the ratio of two CESTR signals from tumors and normal tissues

(i.e., Ccestr = CESTR; / CESTR,) to reflect the CESTR contrast. Conventionally, CESTR
contrast in tumors has been calculated by the subtraction of two CESTR signals from tumors
and normal tissues (i.e., CESTR; - CESTRy) (63). By inputting Ccestr, this conventional
CESTR contrast becomes (CcgsTr-1):CESTR), OF (Cg,,, CrrCreest — 1)-CESTR,. From this

ex

equation, we can see that the relative size of Cy,,,., Cyr, and Creest can still reflect their
relative contributions to the conventional CESTR contrast.
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Based on Eg. (7) and Eqg. (8), the AREX metric reflects the production of fs, kg, and a
labeling efficiency related factor. In the full-saturation limit (64), AREX equals f¢ksy. In this
paper, we used % and s1 as units for f and kg, respectively. Therefore, we used %s™! as
the unit for the AREX metric. It is worth noting that some previous publications have used
Hz as the unit for the AREX metric which may look f as a dimensionless number (65-67).

Our experiments were performed on 9L tumor models in rat brains. In other animal tumor
models and human patients, the change in the sample parameters may be different. Further
studies related to the specificity of CESTR and its capability to reflect solute concentration
in other tumor models are needed. Our conclusion does not fit for the MTRasym-quantified
APT at 3T, since it depends on not only the R1ops and MT but also amine, DS and NOE
effects, which are more complex.

CONCLUSION

CESTR measures a combined effect from the change in Ry, MT, and CEST/NOE effects
in tumors and thus is not a specific metric. However, in APT imaging, all these factors
contribute positively to the dependence of CESTR on the amide concentration, which
makes it a better method for detecting the increased protein concentration in tumors than
other MRI/CEST parameters. In contrast, the AREX-quantified APT has no significant
correlation with the amide concentration. In NOE(—3.5) imaging, these factors contribute to
the dependence of CESTR on the macromolecular NOE pool concentration in opposite
directions, which reduces its ability to detect the reduced macromolecular NOE pool
concentration in tumors. In contrast, the AREX-quantified NOE(-3.5) has a significant and
stronger correlation with the macromolecular NOE pool concentration.
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Fig. 1.
Monte Carlo simulation of the fitted APT fs, APT kg, and APT T (blue lines) from

simulations with varied APT fs, but constant APT Kg,, and APT Ty for different SNR. The
ground truth of the fitted parameters (red lines) were also plotted for comparison.
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Fig. 2.

M%nte Carlo simulation of the fitted NOE(-3.5) f5, NOE(=3.5) kg, and NOE(=3.5) T
(blue lines) from simulations with varied NOE(-3.5) fs, but constant NOE(-3.5) kg, and
NOE(-3.5) Ty for different SNR. The ground truth of the fitted parameters (red lines) were
also plotted for comparison.
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Fig. 3.

A\?erage CEST Z-spectra (or Sjap) and the corresponding Sy for the multiple-pool
Lorentzian fitting of APT (a) and NOE(-3.5) (b) from tumors and contralateral normal
tissues of the eight rats with a , value of 1pT, as well as the fitting residuals. The CESTR|,
CESTRyy, and AREX spectra obtained from these Z-spectra for APT (c, e, g) and NOE(-3.5)
(b, f, h), respectively.
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Fig. 4.
Maps of CESTR, (left column), CESTR (medium column), and AREX (right column) for

APT at 3.5 ppm (a-c) and NOE at —3.5 ppm (d-f) with o, of 1T from a representative rat
brain.
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Fig. 5.
Ccrsrr, @nd each of its contributors for APT (left column) and NOE(-3.5) (right column)

with o, values of 0.25uT (a, b), 0.5uT (e, ), and 1pT (i, j), respectively, from the eight rats.
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Cesstry @Nd each of its contributors for APT (left column) and NOE(-3.5) (right column)
with o, values of 0.25uT (c, d), 0.5uT (g, h), and 1pT (k, ), respectively, from the eight rats.
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Summarized correlation of three CEST metrics (CESTR,, CESTRp;, AREX) at 3.5ppm for
APT with the corresponding APT fg from both the tumors and the contralateral normal
tissues of the eight rats. The red circles represent the mean values of each tumor, and the
blue circles are the mean values of each ROI of contralateral normal tissue. The Spearman’s
rank correlation coefficient (r) and p value of each correlation are provided. The black lines
represent the linear regression of all data points in each correlation subfigure.
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Summarized correlation of three CEST metrics (CESTR,, CESTR;, AREX) at —3.5ppm for
NOE(-3.5) with the corresponding NOE(-3.5) f; from both the tumors and the contralateral
normal tissues of the eight rats. The red circles represent the mean values of each tumor,

and the blue circles are the mean values of each ROI of contralateral normal tissue. The
Spearman’s rank correlation coefficient (r) and p value of each correlation are provided. The
black lines represent the linear regression of all data points in each correlation subfigure.
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Summarized correlation of the confounding factors (1/R1gps, Sref/Sg With o, values of
0.25uT, 0.5uT, and 1uT) with the APT fy (a-d) and NOE(-3.5) fg (e-h), respectively, from
both the tumors and the contralateral normal tissues of the eight rats. The red circles
represent the mean values of each tumor, and the blue circles are the mean values of each
ROI of contralateral normal tissue. The Spearman’s rank correlation coefficient (r) and p
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value of each correlation are provided. The black lines represent the linear regression of all
data points in each correlation subfigure.
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Table 1

lists of the values of CESTR|, CESTRYyy, Sef/Sg, and AREX for APT at 3.5ppm and for NOE at —=3.5ppm, Ry,
fm, as well as the fitted fs, kg, and Ryg for APT and NOE(-3.5) from tumors and contralateral normal tissue.

APT NOE(-3.5)

Tumor Normal Tumor Normal
CESTR0.25uT (%) [ 162+0.23* | 131#0.17 3.99+0.54™ | 456+0.43
CESTR0.5pT (%) 3.70+0.80% | 2:81£0.30 8.54+042% | 9.56+0.87
CESTR 1T (%) 6.27+1.10% | 4.16+0.49 11.66+0.72 | 12.36+0.81
CESTR;0.25uT (%) | 166:025% | 1.3420.17 4094056 | 4.73+0.45
CESTR;0.5uT (%) | 3981088 | 3.1420.35 9224043 | 10.87x0.97
CESTRy 1T (%) 779+1.37% | 5.78+0.71 14544093 | 17.55+0.87
Ruw (57 0.44+0.03* [ 0.56£0.02 0.44+0.03* [ 0.56+0.02
fm (%) 494+038™ | 9.99£1.26 494+038™ | 9.99£1.26
Sre/S00.25pT (%) 97.80+058* | 97.15:050 [ 97.75:067 [ 96.20+0.86
SrerfSo0.SHT (%) 92724068 | 8949070 [ 92 gou1 04 | 87.55¢1.11
Se/Sol 1T (%) 7968+2.10” | 71.50£1.85 | gp 3541 617 | 70.07+2.69
AREX 0.25uT (%s™) | 0.81£0.12 | 0.84+0.09 206+030% | 311034
AREX 0.5uT (%s) | 207£0.38 | 2.17x0.21 518+020% | 8.42:0.83
AREX 1pT (%s™Y) 4924084 | 5.11+0.65 1015+0.76* | 18.46+157
f, (%) 0134003 | 0.1040.02 0.95+0.10% | 153+0.26
Kew (571 81.62+50.17 | 109.8181.12 | 14304255% | 19.93+4.27
Tos (Ms) 1.20£0.34 | 1.70+0.54 0.52+0.09 | 0.45+0.06

*
p<0.05
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