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Ratiometric chemical exchange saturation transfer pH mapping
using two iodinated agents with nonequivalent amide protons and
a single low saturation power
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Background: As an essential physiological parameter, pH plays a critical role in maintaining cellular and
tissue homeostasis. The ratiometric chemical exchange saturation transfer (CEST) magnetic resonance
imaging (MRI) method using clinically approved iodinated agents has emerged as one of the most promising
noninvasive techniques for pH assessment.

Methods: In this study, we investigated the ability to use the combination of two different nonequivalent
amide protons, chosen from five iodinated agents, namely iodixanol, iohexol, iobitridol, iopamidol, and
iopromide, for pH measurement. The ratio of two nonequivalent amide CEST signals was calculated and
compared for pH measurements in the range of 5.6 to 7.6. To quantify the CEST signals at 4.3 and 5.5 parts
per million (ppm), we employed two analytic methods: magnetization transfer ratio asymmetry and Lorentzian
fitting analysis. Lastly, the established protocol was used to measure the pH values in healthy rat kidneys (n=5).
Results: The combination of iodixanol and iobitridol at a ratio of 1:1 was found to be suitable for pH
mapping. The saturation power level (B;) was also investigated, and a low B, of 1.5 pT was adopted for
subsequent pH measurements. Improved precision and an extended pH detection range were achieved
using iodixanol and iobitridol (1:1 ratio) and a single low B, of 1.5 uT in vitro. In vivo renal pH values were
measured as 7.23+0.09, 6.55+0.15, and 6.29+0.23 for the cortex, medulla, and calyx, respectively.
Conclusions: These results show that the ratiometric CEST method using two iodinated agents with
nonequivalent amide protons could be used for in vivo pH mapping of the kidney under a single low B,

saturation power.

Keywords: Magnetic resonance imaging (MRI); chemical exchange saturation transfer (CEST); pH mapping;

ratiometric; iodinated agents; kidney
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Introduction

pH is an important physiological signal that plays a critical
role in maintaining cellular and tissue homeostasis (1).
Disturbance of the acid-base balance is a ubiquitous
characteristic of many pathophysiological processes (2-7).
For example, acidic extracellular pH (pH.=6.5-6.9)
prominently features in the tumor microenvironment
as a result of deregulated cancer cell metabolism (3,4).
The perturbation of kidney pH is also often associated
with pathologically changed renal physiology (6,7).
Therefore, noninvasive imaging methods for absolute pH
measurement have potential utility for disease diagnoses
and evaluating responses to pH-dependent therapies (8-12),
such as using sodium bicarbonate to alkalinize the tumor
microenvironment (13).

Chemical exchange saturation transfer (CEST) magnetic
resonance imaging (MRI) has emerged as one of the most
promising noninvasive techniques for pH quantification
(14-16). Following selective radiofrequency (RF) irradiation,
labile protons are saturated, and the saturated protons
successively exchange with the surrounding water protons,
resulting in a significant loss of the water MRI signal (17-19).
The proton exchange process is either base-catalyzed
or acid-catalyzed, making CEST MRI suitable for pH
imaging. Compared to the sensitivity of MR spectroscopy
(MRS), which is another method for detecting protons,
CEST MRI is substantially enhanced by two or three orders
of magnitude due to repeated saturation and exchange
during the pre-saturation period (20-22). To date, a variety
of exogenous compounds with exchangeable protons have
been developed for pH imaging (15,23-27). To obtain pH
maps that are independent of the probe’s concentration,
a ratiometric approach has been used in which CEST
signals come from two distinct exchangeable protons on the
same agent or from two measurements using different B,
saturation powers (14,24,28).

Clinically approved iodinated X-ray agents have been
previously studied as diamagnetic CEST (diaCEST) agents
for pH imaging (29-35). For example, iopamidol and
iopromide possess 2 nonequivalent amide protons resonated
at 4.3 parts per million (ppm) and 5.5 ppm from water
protons, respectively. During the CEST experiments, these
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two labile protons are saturated under one power level for
ratiometric pH measurement. Tissue pH can be calculated
by the ratio of the two CEST signals without the need for
concentration of the agent. Longo ez al. (29) first used this
method with iopamidol to acquire a pH map of the mouse
kidney under a B, of 3pT. Inspired by this study, Chen
et al. (32) employed iopromide to measure extracellular
pH in a breast tumor model at 2.5 p'T. Thereafter, a new
power-based ratiometric approach was developed by Longo
et al. (24) to assess pH using one amide proton-containing
agent, iobitridol, simply by examining the mismatched pH
dependencies of the CEST signal at different B, powers.
In that study, two saturation powers of 1.5 and 6 pT were
used for renal pH imaging. Recently, Wu et a/. (30) further
improved the ratiometric method by using the ratios of
CEST effects under two power levels (1 and 2 pT) on two
labile protons of iopamidol.

Although these studies suggest that ratiometric CEST
methods using iodinated agents are advantageous for tissue
pH measurement, many factors, including concomitant
saturation transfer, acquisition time, sensitivity, and pH
detection range, need to be systematically studied and
further optimized. First, most ratiometric approaches with
iodinated agents have used at least one relatively strong
irradiation in their experiments, such as 3 or 6 p'T, which
can induce serious signal contamination due to water
spillover (24). Second, some ratiometric CEST methods
incorporate dual saturation power, which doubles the
acquisition time and thereby hampers clinical translation.
Lastly, the precision of pH measurements for most
ratiometric CEST methods in the range above 7.2 to 7.4,
the interstitial pH of normal tissues (36,37), still needs to
be improved. This may be caused by the fact that amide
protons in most iodinated agents exchange too rapidly to be
efficiently detected in this pH range.

In this study, five clinically approved iodinated agents
and/or their combinations were thoroughly investigated to
construct two nonequivalent amide protons for pH imaging.
The combination of iodixanol and iobitridol was found to
greatly enhance the performance of ratiometric CEST pH
imaging under a single low saturation power. The feasibility
of in vivo pH mapping was also demonstrated in rat kidneys.
We present the following article in accordance with the
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Table 1 The concentration of iodixanol, iobitridol, and total amide protons for each phantom at different mixed ratios

Mixed ratio (4.3/5.5 ppm) lodixanol (mM)

lobitridol (mM) Amide proton (mM)

2:1 20
1:1 15
1:2 10

40 120
60 120
80 120

Animal Research: Reporting in Vivo Experiments (ARRIVE)
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-21-1229/rc).

Methods
Chemicals

Iodixanol [270 mg iodine (I)/mL, Visipaque] and iohexol
(350 mg I/mL; Omnipaque) were generously provided
by GE Healthcare, (Chicago, IL, USA), with molecular
weights (MW) of 1500 Daltons (Da) and 821 Da,
respectively. Tobitridol (350 mg I/mL, MW 835 Da,
Xenetix; Guerbet, Villepinte, France), iopromide (370 mg
I/mL, MW 791 Da, Ultravis; Bayer Healthcare, Berlin,
Germany), and iopamidol (370 mg I/mL, MW 777 Da,
Isovue; Bracco Imaging, Milan, Italy) were commercially
purchased. Low-melt agarose was purchased from Sigma-
Aldrich (St. Louis, MO, USA). All other chemicals were of
biological grade and were purchased from a local supplier
(Aladdin Company, Shanghai, China). Milli-Q water (18.2
MQ cm™') was used throughout the experiments.

In vitro phantom studies

A typical phantom containing 6 vials of iodinated agent
samples was prepared using a phosphate-buffered saline
(PBS). The total amide proton concentration was held
constant at 120 mM for all vials, and the pH value was
titrated to 5.6, 6.0, 6.4, 6.8, 7.2, and 7.6, respectively, with
5% hydrochloric acid and sodium hydroxide. The pH error
in each vial was measured to be less than 0.01 pH/unit
with a calibrated pH meter (Mettler Toledo FE28; Mettler-
Toledo Instruments, Columbus, OH, USA). The as-
prepared sample solutions were placed in 1 mL syringes,
inserted into a 50 mL centrifuge tube, and finally sealed
with 1% low-melt agarose gel to minimize air.

An initial group of phantoms was prepared with iodixanol
and iobitridol, and the mix ratios between 4.3 and 5.5 ppm
amide protons in each phantom were adjusted as 2:1, 1:1,
and 1:2. Taking 1:1 as an example, the total amide proton
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concentration of all vials was 120 mM. The corresponding
concentrations of iodixanol and iobitridol in each vial were
15 and 60 mM, respectively. The detailed concentrations
of 2 agents for each ratio are presented in 7able 1. A second
group of phantoms with iohexol and iobitridol samples was
prepared in the same way as that of the first group. The
only difference was the use of iohexol instead of iodixanol to
provide 4.3 ppm amide proton. We also prepared two other
phantoms with iopromide and iopamidol samples, and the
total amide proton concentration and pH range were the
same as the previous two groups of phantoms.

Before in vitro imaging experiments, each phantom
was wrapped with a circulating water heating pad to
keep the temperature constant at 37+0.3 °C during the
imaging period, and the temperature of the phantoms
was monitored using an anal temperature detector in real
time. All MRI studies were conducted on a 7 T animal
MRI scanner (Bruker BioSpin, Ettlingen, Germany). A
modified rapid acquisition with relaxation enhancement
(RARE) sequence with a short echo time using a continuous
wave (CW) pre-saturation pulse was applied for the CEST
experiments. The acquisition parameters were as follows:
repetition time (TR)/saturation time (TS)/effective echo
time (TE) =10,000/5,000/30 ms; field of view (FOV)
=30x30 mm?; matrix =90x90; resolution =0.333 mm? RARE
factor =16; slice thickness =5 mm; B, =1, 1.5, 2, and 2.5 p'T.
The saturation frequency offsets were set as -10.0, -8.0,
26.0, =5.5, =5.0, —4.3, —4.0, —3.8, =3.6, -3.5, -3.4, -3.6,
3.0, =2.5, =2.0, 1.5, =1.0, 0.6, -0.4, =0.2, 0, 0.2, 0.4,
0.6,0.8,1.0,1.2, 1.4, 1.6, 2.0, 2.2, 2.5, 3.0, 3.4, 3.6, 3.8,
4.0,4.2,43,4.4, 4.6, 4.8,5.0,5.2,54,5.5,5.6, 5.8, 6.0,
8.0, and 10.0 ppm for M,. We used one offset located at
100 ppm as M, to normalize the M, at each offset. To
correct the B, inhomogeneity, a water saturation shift
referencing (WASSR) map was collected at a B, of 0.3 pT
and at intervals of 0.02 ppm between 0.5 ppm.

In vivo MRI studies

All experiments were conducted in accordance with the
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Guiding Principles in the Care and Use of Animals (China),
and were approved by the local Animal Experimentation
Ethics Committee of Southern Medical University
(No. 2016-0167). Healthy animals were purchased
from the specific-pathogen-free (SPF) laboratory at
the Animal Experimental Center of Southern Medical
University, and were kept in an environment with constant
temperature (~25 °C) and humidity (~50%) with 12-hour
light irradiation and 24-hour fresh air provision. Male
Sprague-Dawley (SD) rats (n=10; 250£20 g) were randomly
divided into two groups using a random order generator
in MATLAB (The Mathworks, Inc., Natick, MA, USA),
including the iopamidol group (n=5) and the combination
of iodixanol and iobitridol group (n=5). The left kidneys
of the rats were scanned under anesthesia induced by
3-5% isoflurane, with respiration monitored and gated
to suppress motion artifacts. The sample size has been
referenced previously in the literature (29,30). The body
temperature was maintained at 37+0.3 °C using a heating
pad and was monitored by an anal temperature detector.
A 30 G needle was inserted into the caudal vein for
injection of the agent. Scout T,-weighted images were
collected with TR/TE=3,000/30 ms, RARE factor =16,
and number of excitations (NEX) =2. We also used T),-
weighted images to exclude rats with abnormal kidneys;
in this study, no rats were excluded. The B, fields of the
left kidneys were carefully shimmed, and WASSR-based
B, maps were used to correct inhomogeneity. Single-
slice CEST images along the long axis of the left kidney
were scanned during the administration of a mixture of
iodixanol and iobitridol (3.374 g I/kg body weight) via
a syringe pump. The first half dose of 1.325 mL bolus
injection was administered in the beginning, and the rest
was continuously infused at 0.11 mL/min during Z-spectra
acquisition, to reduce the wash-in/wash-out effect for the
pH measurement. The total volume of the mixed agents
was 2.65 mL, containing 1.04 mL iodixanol and 1.61 mL
iobitridol at concentrations of 0.46 mM and 1.84 mM,
respectively. The iopamidol group was injected with the
same dosage of exchangeable proton as the combination
of iodixanol and iobitridol group. The Z-spectra were
acquired under 1.5 pT at unequal intervals and were
more numerous at 4.3 and 5.5 ppm (the same as in vitro).
TR/TS/TE =6,000/3,000/30 ms; FOV =25x55 mm’;
matrix =50x110; resolution =0.50 mm?; slice thickness =1 mm;
and RARE factor =32. The total scanning time for the
Z-spectra was 10 minutes and 48 seconds. All rats lived
normally after the experiments, and no adverse events were
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observed.

Data analysis

All images were processed in MATLAB using CEST
codes downloaded from www.cest-sources.org with some
modifications. Before extracting the CEST signals, raw
data were interpolated using the spline interpolation with
0.01 ppm intervals smoothly connected to the Z-spectra.
Frequency deviation was estimated using WASSR to correct
the B, inhomogeneity. The Z-spectra (M./M,) within the
+10 ppm range were normalized by the unsaturated M, and
inverted by the equation:

Z=1-M,/M, [1]

where M. and M, represent the signal acquired with and
without saturation, respectively. The Z-spectra were then fitted
using the sum of seven Lorentzian functions corresponding to
the magnetization transfer (M'T) with a super-Lorentzian line
shape, direct water saturation (DS) effect, nuclear Overhauser
effect (NOE), 2 hydroxyl protons, and 2 nonequivalent amide
protons, whose resonance frequencies were located at -1, 0,
-3.5,0.8, 1.8, 4.3, and 5.5 ppm, respectively, as shown in the
following equations (38-40):

Z(w)= X;L (w) 2]

A

L(w)=——5 [3]

1+4[W_W°j
w

where L, is the Lorentzian spectrum of the 7 th pool, and w

is the saturation frequency. In the equation, 4, wy, and /w
are the amplitude, center frequency, and linewidth of the
Lorentzian spectrum of each pool, respectively. Specially,
the 7 is the number of fitting pools, with n=4 and n=5 for
in vitro Lorentzian fitting with 1 and 2 types of exchange
protons after excluding the M'T and NOE, and n=7 for
in vivo fitting. Multi-pool Lorentzian line shapes were
resolved by iterative fittings to minimize the residual error.
The saturation transfer (ST) effect values were determined
using the fitted amplitudes of each Lorentzian component.
A ratiometric measurement was obtained using the ratio of
two CEST signals located at 4.3 ppm and 5.5 ppm (41).
Ratio = Saspm [4]

5.5 ppm
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Figure 1 Chemical structure of five investigated nonionic iodinated agents, with the corresponding chemical shifts (3) of the amide protons

relative to water (8=0 ppm).

For comparison, the ST values were also measured with
a magnetization transfer ratio (MTR) asymmetric analysis
(MTR,,,) using the following equation.
M(-w)-M(w
ST (w)= (tw)=M(w) [5]
M,

Finally, the log,, ratio of CEST effects from the two

nonequivalent amide protons was calculated and linearly
fitted with respect to pH. The correlation coefficient (R%)
and the sum of squares due to error (SSE) were acquired,
and the linearity (k) was regarded as a pH response. The
acquired calibration curve was used for both iz vitro and in
vivo pH measurement. After By correction and Lorentzian
fitting of the Z-spectra of the kidneys voxel by voxel, the
CEST signal maps of the kidneys at 4.3 and 5.5 ppm were
separated. Then, the log,, ratio map was calculated using
equation (4) and inputted to the calibration curve to obtain
the pH maps of the kidneys. Regions of interest (ROIs)
were drawn manually from anatomical T,-weighted (T,W)
images to measure the pH values of the cortex, medulla, and
calyx. Finally, the pH maps were overlaid on T,W images.
The quantified pH values were expressed as the mean =
standard deviation (STD).

Statistical analysis

The pH values measured in the cortex, medulla, and calyx
were statistically analyzed using a unilateral Student’s 7-test

(GraphPad Prism 8; GraphPad Software, San Diego, CA,
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USA). Kolmogrov-Smirnov (K-S) testing was used to affirm
the data matched the normal distribution in advance. If the
assumptions were not met, non-parametric tests would be
processed. A P-value of less than 0.05 (unpaired z-test) was
considered statistically significant.

Results
Iodinated agents and CEST properties

Figure 1 shows the chemical structure of five clinically
used X-ray iodinated agents investigated in this study.
All agents have similar structures, except for iodixanol,
which is a dimer. They are all nonionic compounds that
are not charged. Specifically, iopamidol and iopromide
molecules have two types of nonequivalent amide protons,
one resonating at 4.3 ppm and the other at 5.5 ppm
downfield from the water proton. There is only one type of
amide group in iobitridol, iohexol, and iodixanol, and the
corresponding chemical shifts are presented in Figure 1.
The number of exchangeable amide protons in each
iodinated compound is 1 for iobitridol, 2 for iopromide
and iohexol, 3 for iopamidol, and 4 for iodixanol. Thus,
to compare their performances with those from previous
studies, we quantified their concentrations according to the
exchangeable amide proton.

As the CEST properties of iopamidol and iopromide
are widely available in the literature (23,24), we only
characterized the other three iodinated agents. Their CEST
spectra were obtained at different pH values (120 mM in
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Figure 2 In vitro Z-spectra of the 1:1 mixed iodixanol and iobitridol phantom under Bl of 1.5 pT at different pH values: (A) pH=5.6, (B)
pH=6.0, (C) pH=6.4, (D) pH=6.8, (E) pH=7.2, (F) pH=7.6, and the fitting results using five pools Lorentzian model. DS, direct water

saturation.

a PBS solution). Iodixanol (Figure S1) and iohexol (Figure
S2) had significant CEST effects at 4.3 ppm, whereas the
CEST signal of iobitridol (Figure S3) was at 5.5 ppm. The
appearance of all CEST signals became broader with an
increase in pH, and that of iobitridol changed the fastest
among them (Figure S4). After careful examination,
we found that the CEST peak of iodixanol was slightly
narrower than that of iohexol, especially in the high pH
range. These results indicated that the exchange rate of
iodixanol amide proton was the slowest, which is consistent
with the k,, quantification by Longo er a/. (34).

CEST spectra and analysis metbods

Previous studies have shown that labile protons with a
slow k., are more favorable for high labeling efficiency and
producing CEST effects under a low saturation power (17).
In this regard, iodixanol may be a desirable candidate for
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pH imaging under a low B,. To construct two nonequivalent
amide groups, such as iopamidol, we simply combined
iodixanol with iobitridol as our ratiometric pH probe. A
phantom containing 6 vials of mixed iodinated agents in
the pH range between 5.6 and 7.6 was prepared for pH
calibration. Figure 2 displays representative Z-spectra in
the pH range of 5.6 to 7.6 obtained under a B, of 1.5 pT.
It was observed that the CEST signals from two different
amide protons at 4.3 and 5.5 ppm was resolved at a lower
pH (Figure 2C), but the signal at 5.5 ppm was lower at
a higher pH (Figure 2E,2F). Lorentzian fitting with five
pools, including two amide protons at 4.3 ppm and 5.5
ppm, two hydroxyl protons at 0.8 ppm and 1.8 ppm, and
DS, were conducted on the Z-spectra. The entire Z-spectra
demonstrated a very good fitting (R’=0.999).

In addition to the Lorentzian fitting analysis, CEST
signals from two nonequivalent amide protons were extracted
using MTR,,, analysis. A log10 ratio based on two CEST

asym
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Figure 3 The ratiometric images and linear fitting results for in vitro pH imaging: (A-D) the mixed iodixanol and iobitridol with a ratio of 1:1,

and (E-H) iopamidol. Figures (A,B) or Figures (E,F) were obtained by a standard method of asymmetric analysis, while Figures (C,D) and

Figures (G,H) were obtained by a resolved Lorentzian fitting method. Ratio, ratiometric; R’, correlation coefficient; k, linearity; SSE, error

sum of squares.

signals at 4.3 and 5.5 ppm (hereinafter referred to as the
“CEST ratio”) was calculated and linearly correlated
with the measured pH. The obtained ratiometric images
and correlation results are exhibited in Figure 3. For the
Lorentzian method, the pH calibration had an R’ of 0.991
and SSE of 0.057 pH units (Figure 3D). In comparison,
the calibration using the MTR,,, analytic method had an
R’ value of 0.898 and an SSE of 0.118 pH units (Figure
3B). This result suggested that the pH quantification of
the ratiometric method using Lorentzian fitting was more
appropriate than that of the MTR,,,, analysis. Lastly, we
also compared the performance of the two analytic methods
using iopamidol, and the ratiometric images and correlation
results are illustrated in Figure 3E-3H. Similar results with
iopamidol further supported our previous conclusion that the
Lorentzian fitting analysis can provide a more reliable and
larger pH-detection range than the asymmetric analysis.

Two nonequivalent amide protons in iodinated agents

We further prepared another phantom using iobitridol

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

and iohexol to compare the performance with that of
iobitridol and iodixanol. The mix ratio and the total amide
proton concentration were maintained the same. The only
difference was that, as the provider for 4.3 ppm amide
proton, iohexol was a monomer whereas iodixanol was a
dimer. The exchange rate of the iohexol amide proton was
relatively fast compared to that of iodixanol. The impact
induced by this exchange difference was carefully studied
and compared, as displayed in Figure 4. For the combination
of iobitridol and iohexol (Figure 4B), the correlation
coefficient (R*) and pH response (k) were measured as 0.933
and 1.176, respectively. The precision and sensitivity were
inferior to those of the iodixanol and iobitridol combination
(Figure 3D). In addition, the pH detection range using
iohexol and iobitridol was narrowed to 5.6 to 7.2.

"Two nonequivalent amide protons can be provided by 1 or
2 iodinated molecules. To investigate this subtle alteration, we
prepared another phantom using iopromide and compared it
with the above mixing phantom. As shown in Figure 4D, an
R’ value of 0.963 was obtained for the pH calibration curve
using iopromide under a B, of 1.5 pT, and the k value was
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Figure 4 The pH calibration obtained with the 1:1 mixture of iohexol and iobitridol (A,B), and iopromide (C,D) with linear fitting under

B,=1.5 pT. The CEST signals were separated by the Lorentzian fitting method. Ratio, ratiometric; R’, correlation coefficient; k, linearity;

SSE, error sum of squares; CEST, chemical exchange saturation transfer.
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Figure 5 Optimization of two experimental parameters for the pH calibration: varying mixed ratios under B1=1.5 pT (A), and varying

saturation power levels at a mixed ratio of 1:1 (B). CEST signals at 4.3 and 5.5 ppm from the combination of iodixanol and iobitridol were

obtained by a five-pool Lorentzian fitting. CEST, chemical exchange saturation transfer.

1.433. Both the pH response and precision were quite close
to that of the combination of iodixanol and iobitridol, even a
little better for iopromide in the pH response.

Mixed ratio and B, saturation power optimization

Based on the methods for CEST signal analysis, we
optimized two critical experimental parameters. First, the
mix ratios between 4.3 and 5.5 ppm amide protons with
iodixanol and iobitridol were tuned to the ranges of 2:1, 1:1,
and 1:2. The effect of the mix ratios on the performance of
the ratiometric pH imaging is depicted in Figure 5A. For
these 3 mixing phantoms, the CEST ratios were found to
be linearly correlated with the titrated pH. The R’, SSE,
and pH response (k) are listed in 7ible 2. With the increase

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

in iobitridol amide protons, the correlation coefficient or
quantification precision improved and the 1:1 ratio seemed
to achieve the best performance; the k deteriorated from
1.461 to 1.253 per pH unit. In contrast, iodixanol amide
protons seemed to act in the opposite direction. When the
mix ratio reached 2:1, R? decreased to 0.927. To trade off
the precision and sensitivity, a moderate mix ratio of 1:1 was
selected to undertake pH imaging of the kidneys in vivo.
We were also interested in determining the minimal
RF saturation power that could provide an acceptable
calibration curve of CEST ratio versus pH. We tested four
irradiation powers from 1 pT to 2.5 pT and the results
are presented in Figure 5B and Table 2. It appears that the
change in saturation power in the studied range did not have
a significant influence on the pH response and precision.

Quant Imaging Med Surg 2022;12(7):3889-3902 | https://dx.doi.org/10.21037/qims-21-1229



Quantitative Imaging in Medicine and Surgery, Vol 12, No 7 July 2022

With the increase in the level of power from 1 pT to 2.5 pT,
the pH response changed from 1.383 to 1.187, and the 1 pT
power achieved the best performance, with an SSE of 0.019.
Considering that the k,, of the iobitridol amide proton was
extremely high at pH values above 7.0, the optimal B, that
we chose here was 1.5 pT. It should be mentioned that
1.5 pT was also used by Longo et a/. in the power-based
ratiometric method with iobitridol (24).

The optimized ratiometric CEST protocol with the
iodixanol and iobitridol combination was used to acquire
an in vitro pH map based on the CEST ratio and pH
calibration curve, and the results are exhibited in Figure
6A. Vials of pH 6.0, 6.4, 6.8, and 7.2 were quantified

Table 2 The R’, SSE, and pH response of linear fitting by varying
the mixed ratio and B, saturation power

4.3:5.5 ppm R’ SSE k

Mixed ratio 2:1 0.927 0.468 1.461
1:1 0.991 0.057 1.352

1:2 0.996 0.019 1.253

B1 1.0 T 0.996 0.019 1.386
1.5uT 0.991 0.057 1.352

20T 0.984 0.067 1.302

25T 0.981 0.076 1.187

R?, correlation coefficient; k, linearity; SSE, error sum of squares.
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as 5.97£0.02, 6.38+0.01, 6.78+0.01, and 7.21+0.02,
respectively. The pH determined from the ratiometric
CEST MRI strongly correlated with the titrated pH by a
root mean square error (RMSE) of only 0.021 in the pH
range of 5.6 to 7.6 (Figure 6B).

In vivo CEST experiments

We then applied the established protocol for in vitro
experiments to measure the pH values in healthy rat
kidneys. As iodixanol and iobitridol are freely and quickly
excreted by glomerular filtration, there may be some
alteration in the mix ratio of nonequivalent amide protons
in the kidney after intravenous injection. Therefore, we
first used micro-computed tomography (CT) to separately
measure the dynamics of iodixanol and iobitridol in healthy
rat kidneys (Methods in Appendix 1 and Figure S5). Their
concentration in each kidney was then converted into the
ratio of nonequivalent amide protons, and finally used to
determine a suitable time window for CEST acquisition.
As shown in Figure S5, the ratio in the region of the whole
kidney was stable with a value of approximately 1 during
the period of 6-18 minutes post-injection in the healthy
rats (n=8), and the mean value was measured as 0.93+0.13.
There was no significant difference between the ratio of
different time interval.

The optimal time window was subsequently used for iz
vivo Z-spectra acquisition. Through intravenous injection of

Correlation

5 T T T T T
5.5 6.5

pHmraled

Figure 6 In virro pH map (A) and correlation between the pH determined from ratiometric CEST MRI and the titrated pH values (B) for
the iodixanol and iobitridol phantom with a mixed ratio of 1:1 under B =1.5 pT. CEST signals at the 4.3 and 5.5 ppm were obtained by a

five-pool Lorentzian fitting. CEST, chemical exchange saturation transfer; MRI, magnetic resonance imaging.
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Figure 7 In vivo Z-spectra of cortex (A), medulla (B) and calyx (C) in one rat kidney after intravenous injection of iodixanol and iobitridol
mixture with 1:1 ratio, and the fitting results using a seven-pool Lorentzian model. In vivo Z-spectra of cortex (D), medulla (E) and calyx
(F) in one rat kidney after intravenous injection of iopamidol, and the fitting results using a seven-pool Lorentzian model. DS, direct water

saturation; NOE, nuclear Overhauser effect; M'T, magnetization transfer.

CEST @4.3 ppm CEST @5.5 ppm

¢

Figure 8 In vivo ratiometric CEST pH imaging of the kidney by the 1:1 combination of iodixanol and iobitridol; resolved CEST effects at
4.3 ppm (A) and 5.5 ppm (B); ratiometric image (C) obtained from the two CEST effects and the pH map (D). Iz vivo ratiometric CEST pH

imaging of the kidney by the iopamidol; resolved CEST effects at 4.3 ppm (E) and 5.5 ppm (F); ratiometric image (G) obtained from the
two CEST effects and the pH map (H). CEST, chemical exchange saturation transfer; Ratio, ratiometric.
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pre-mixed agents at a dosage of 3.375 g I/kg body weight,
the Z-spectrum of one rat kidney was obtained under a B, of
1.5 pT. Typical inverted Z-spectra of the cortex, medulla, and
calyx of 1 kidney are shown in Figure 7. Small peaks around
4.3 and 5.5 ppm can be observed clearly in both Z-spectra
of the calyx and medulla. The Lorentzian line shape fitting
analysis was used to extract two CEST signals, including the
NOE pool, in addition to the other 4 pools used in vitro. All
layers of the kidney showed a good fit. The resolved CEST
signals at 4.3 and 5.5 ppm are depicted in Figure 84,8B.
We can observe that the amplitudes of these two CEST
signals increased from the cortex to the calyx. The calculated
ratiometric image and the corresponding pH map generated
from the calibration curve in vitro are presented in Figure
8C,8D, respectively. The pH values of the cortex, medulla,
and calyx were measured as 7.23+0.09, 6.55£0.15, and
6.29+0.23, respectively, which are significantly different from
each other. In Figure 8E-8H, iopamidol was also used for pH
imaging of the kidney using the same method, and the pH
values of the cortex, medulla, and calyx were measured as
7.02£0.06, 6.71+0.10, and 6.20+0.24, for comparison. The
pH values of the kidney as measured by the combination
of iodixanol and iobitridol were higher than iopamidol and
closer to previous study used pH probe (11).

Discussion

Ratiometric CEST pH imaging methods using clinically
approved iodinated agents are highly promising, owing to
their enhanced sensitivity and their capability to create pH
maps that do not need to measure the agent’s concentration
in a separate experiment. Their translation potential in
human volunteers has also been successfully demonstrated
on a 3 T MRI scanner (42,43). In this study, we thoroughly
studied the optimal combination of two different
nonequivalent amide protons from five clinically approved
agents for ratiometric pH mapping. Although the two
nonequivalent amide protons in iodinated agents possess a
large chemical shift, their frequency of separation is relatively
small. This often causes two CEST signals to coalesce when
the chemical exchange is rapid at high pH values. Through
an MTR,,, analysis, as previously used, to partially suppress
MT and DS contributions, it is not easy to extract the exact
contribution from these two amide protons. The Lorentzian
fitting analysis can help distinguish these two signals to some
extent, thereby improving quantification in the pH range
between 5.6 and 7.6.

The key factor to obtain accurate pH measurements is
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to tackle the overlapping problem of two CEST effects
in the physiological pH range. Compared with using two
nonequivalent amide protons obtained from one iodinated
agent, combining two agents (such as iobitridol and iodixanol)
can benefit from the acquisition of two independent CEST
signals at 4.3 and 5.5 ppm from two separated phantoms,
such as the experiment depicted in Figures S1-S3. Such a
prior signal characteristic can be helpful for the Lorentzian
fitting analysis and for extracting the exact contribution
when they are mixed together. The precision difference
between Lorentzian fitting and MTR asymmetry analysis
may be attributed to the fact that the Lorentzian-fitted
CEST signal has much more offset information and is thus
more stable than that of the asymmetric method with only
one offset frequency, which concurs with the findings by Wu
et al. (30). This strategy may be more effective on a clinical
3T MRI scanner when the coalescence problem is more
pronounced.

Moreover, the performance of ratiometric pH mapping
also depends on the extent of matching of the exchange rates
of the two nonequivalent amide protons. For example, a
previous study adopted a dual B, of 2 and 1 pT instead of a
single low saturation power for ratioing two CEST effects of
nonequivalent amide protons in iopamidol, partially owing to
the factor of mismatched exchange rates in the physiological
pH range. As it is flexible to combine two agents for
constructing nonequivalent amide protons, iodinated
agents can be chosen with desirable CEST properties. The
exchange rate of amide protons in iodixanol, which is a
dimer iodinated agent, is slower than that of a monomer (33).
As expected, iodixanol was found to be a better choice
than iohexol for constructing nonequivalent amide protons
with iobitridol. A relatively high pH response (k=1.352),
improved precision (R’=0.991), and broader pH detection
range (5.6-7.6) were achieved with iodixanol and iobitridol
over the iohexol and iobitridol combination (k=1.176,
R’=0.933, and pH range 5.6 to 7.2).

Although the in vitro pH quantification results are very
promising, there are also some challenges of the proposed
method for iz vivo pH imaging. The dosage is the first
important issue to be addressed. In this study, the injection
dosage per amide proton of the mixture of iodixanol and
iobitridol was equal to that of iopamidol in a control
experiment. However, the dosage per iodine, a general
measure of dose when used in X-ray/CT studies, was 2.25
and 1.50 times higher than iopamidol and iopromide,
respectively. This is mainly because the number of amide
protons in iobitridol is small. For kidney pH imaging,
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it may not be a serious problem, since most injected
agents are cleared from the body by glomerular filtration.
However, the dosage would be a significant issue for those
organs with limited blood supply.

The other significant issue that should be considered
is the pharmacokinetics of the two injected agents.
For in vivo applications, the strategy of combining two
iodinated agents for ratiometric CEST pH imaging
needs to maintain the ratio of nonequivalent amide
protons nearly constant during the CEST acquisition
period. However, the delivery rates of monomer and
dimer iodinated agents to the kidneys can be slightly
different and can influence the pH quantification
in scenarios where the pharmacokinetics of the two
agents are very different. In our study on healthy
rats, the ratio of nonequivalent amide protons was
0.93+0.13 in the kidney during a specific time-window
of 6-18 min. For a short acquisition period (6-9 min
in the CT scheme) of the Z-spectra from 4.3 to 5.5 ppm,
the ratio variation was even smaller (1.02+0.08). This
slight change in the ratio of nonequivalent amide protons
did not significantly affect the pH measurement. The
measured pH values for the cortex, medulla, and calyx of
the iodixanol and iobitridol combination were 7.23+0.09,
6.55+0.15, and 6.29£0.23 respectively, which was a
little higher than for those using iopamidol (Figure §H:
7.02+0.06, 6.71+0.10, and 6.20+0.24). The gradually
decreasing pH values from the cortex to the medulla to
the calyx were similar to those reported in the literature
(29,30), and in agreement with previously reported values
which were measured using gadolinium-based contrast
agents (7.3£0.10, 7.0+0.30, and 6.3£0.50 for the cortex,
medulla, and calyx, respectively) (11). The mean pH of the
entire kidney was 6.84£0.33, which was also comparable
with previously reported values (29,30).

Conclusions

The combination of iodixanol and iobitridol at a ratio of
1:1 was found to be suitable for pH mapping. Improved
precision and an extended pH detection range were
achieved in vitro under a B, of 1.5 p’T. Our results show that
the ratiometric CEST method using two iodinated agents
with nonequivalent amide protons could be used for in vivo
pH mapping of the kidney under a single low B, saturation
power. The strategy used here to tackle the overlapping
issues may be helpful for future clinical studies of pH
mapping at low fields.
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Supplementary

Methods
CT experiments

The imaging protocol was performed on a micro-CT scanner (Hitachi-Aloka, Tokyo, Japan). The phantoms of iodixanol and
iobitridol with the same iodine concentration (1.25-40 mM) were scanned for the measurement of their concentrations in the
kidneys. The rats (n=8) were anesthetized by 3% pentobarbital sodium through intraperitoneal injection at a dose of 30 mg/
kg body weight. After all the animals were in a fully anesthetized state, iodixanol was firstly injected via a catheter into the tail
vein, with the injection procedure the same as that for the in vivo MRI experiment. The body temperature was maintained by
a hot water bag and supervised by anal temperature detection. Dynamic CT images were acquired during the period of post-
injection to 24 minutes, with the following parameters: 1,024 projections, 50 kV, 150 mA, 10 seconds exposure time, FOV
=81.5 mm. The total scanning time was approximately 4 minutes. Reconstructed CT images were analyzed using MATLAB,
and the CT values (Hounsfield units; HU) were measured in a manually defined kidney ROL. A calibration curve (CT value
versus iodine concentration) was derived at 50 kV using phantoms filled with 7 different iodine concentrations ranging from
0.625 to 40 mM. After subtraction from the pre-injection image, AHU were calculated to determine the quantitative iodine
concentrations. Afterwards, iodixanol was filtrated almost entirely from the kidney at an interval of 2 hours, iobitridol was
then injected and the above experiment repeated. Finally, the obtained ratio of iodine concentration was converted into the
ratio of exchangeable protons at 4.3 and 5.5 ppm.
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Figure S1 In vitro Z-spectra of iodixanol phantom and their fitting results using a four-pool Lorentzian model under the experimental

conditions of saturation power =1.5 pT; saturation time =5 s, temperature =37 °C, agent concentration =30 mM, and different pH values: (A)
pH=5.6, (B) pH=6.0, (C) pH=6.4, (D) pH=6.8, (E) pH=7.2, and (F) pH=7.6. DS, direct water saturation.
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Figure S2 In vitro Z-spectra of iohexol phantom and their fitting results using a four-pool Lorentzian model under the experimental
conditions of saturation power =1.5 pT; saturation time =5 s, temperature =37 °C, agent concentration =60 mM, and different pH values: (A)
pH=5.6, (B) pH=6.0, (C) pH=6.4, (D) pH=6.8, (E) pH=7.2, (F) pH=7.6. DS, direct water saturation.
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Figure S3 In vitro Z-spectra of iobitridol phantom and their fitting results using a four-pool Lorentzian model under the experimental

conditions of saturation power =1.5 pT, saturation time =5 s, temperature =7 °C, agent concentration =120 mM, and different pH values: (A)
pH=5.6, (B) pH=6.0, (C) pH=6.4, (D) pH=6.8, (E) pH=7.2, (F) pH=7.6. DS, direct water saturation.
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Figure S4 Quantified ST signals from amide protons of iodixanol and iohexol located at 4.3 ppm and iobotridol at 5.5 ppm, respectively.

ST, saturation transfer.
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Figure S5 The ratio variation of two nonequivalent amide protons at 4.3 ppm and 5.5 ppm in a rat kidney during the period of the CT
experiment. (A) The calibration curve of CT value versus iodine concentration in phantoms; (B) the dynamic changes of iodixanol and
iobitridol concentrations in rat kidney after successful injection of two agents; (C) the calculated ratio between two nonequivalent amide

protons. CT, computed tomography; CEST, chemical exchange saturation transfer.
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