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University of California, Los Angeles, Los Angeles, CA

Abstract

Purpose: To evaluate the influence of phosphate on amine, amide, and hydroxyl CEST contrast
using Bloch-McConnell simulations applied to physical phantom data.

Methods: Phantom solutions of four representative metabolites with exchangeable protons —
glycine (—aNH>), creatine (—nNH>), egg white protein (—-NH), and glucose (—OH) — were
prepared at different pH levels (5.6-8.9) and phosphate concentrations (5-80 mM). CEST images
of the phantom were collected with CEST-EPI sequence at 3T. The CEST data were then fitted to
full Bloch-McConnell equation simulations to estimate the exchange rate constants. With the fitted
parameters, simulations were performed to evaluate the intracellular and extracellular
contributions of CEST signals in normal brain tissue and brain tumors, as well as in dynamic
glucose enhanced (DGE) experiments.

Results: The exchange rates of a-amine and hydroxyl protons were found to be highly
dependent on both pH and phosphate concentrations, while the exchange rates of n-amine and
amide protons were pH-dependent, albeit not catalyzed by phosphate. With phosphate being
predominantly intracellular, CEST contrast of a-amine exhibited a higher sensitivity to changes in
the extracellular microenvironment. Simulations of DGE signals demonstrated that the contrast
between normal and tumor tissue was mostly due to the extracellular CEST effect.

"Corresponding author: Benjamin M. Ellingson, Ph.D., Director, UCLA Brain Tumor Imaging Laboratory (BTIL), Professor of
Radiology and Psychiatry, Departments of Radiological Sciences and Psychiatry, David Geffen School of Medicine, University of
California, Los Angeles, 924 Westwood Blvd., Suite 615, Los Angeles, CA 90024 (bellingson@mednet.ucla.edu). Phone:
310-481-7572, Fax: 310-794-2796.

Data Availability Statement

The MATLAB code used for CEST signal Bloch-McConnell equation simulation and the simulation for creating the plots in Fig. 1
and Fig. 6 in this study is publicly available on GitHub (https://github.com/Jingwen-Yao/CESTsim_5pool_wMTC). Imaging data will
be provided upon request.
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Conclusion: The proton exchange rates in some metabolites can be greatly catalyzed by the
presence of phosphate at physiological concentrations, which substantially alters the CEST
contrast. Catalytic agents should be considered as confounding factors in future CEST-MRI
research. This new dimension may also benefit the development of novel phosphate-sensitive
imaging methods.

Keywords
chemical exchange saturation transfer (CEST); phosphate; chemical exchange; proton exchange

Introduction

Phosphate is an essential building block for cell membranes, DNA, and proteins. Residing
mostly within the cells, it can take the form of adenosine triphosphate (ATP),
phosphocreatine, phosphate esters, or inorganic phosphate, serving as an important
component of energy metabolism, intracellular pH buffering, and kinase signaling.! In
diseases such as cancer, increased extracellular and intracellular phosphate concentrations
have been reported to promote cell proliferation.2—

Despite being the predominant intracellular proton exchange catalyst, the effect of phosphate
on CEST remains largely understudied. CEST exploits the chemical exchange of labile
protons on exogenous or endogenous molecules with water to create MR contrast.? By
tuning the CEST sequence parameters to target exchangeable protons with different
exchange rates and offset frequencies, CEST contrasts with specific metabolite-weightings
can be achieved. The most researched CEST contrast is the amide proton transfer (APT)
imaging, which targets the amide proton on mobile peptides and proteins.5-2 Other
metabolite-weighted CEST imaging methods include brain glutamate imaging,® muscle
creatine imaging, 1! glycosaminoglycan imaging of cartilage,1? and glucose imaging.13
CEST contrast can also be influenced by many factors that affect the chemical exchange
rate, including pH, which has been explored to characterize brain tumor acidity,1*1° early
cerebral ischemic changes,® and pH mapping of the kidneys.16

Phosphate has been reported to increase the exchange rate of amine (-NH5) and hydroxyl
(—OH) protons by 10 kHz under physiological conditions.1” In the current study, we aim to
characterize the effect of phosphate concentration on a variety of CEST contrasts, by
performing phantom experiments and physical simulations using four representative
metabolites with exchangeable protons: glycine (-~aNH,), creatine (-mNH>), egg white
protein(-NH), and glucose (—OH). We hypothesized that phosphate would have differing
effects on different CEST contrasts, and that catalytic agents should be considered as
confounding factors in future CEST-MRI researches, to more accurately understand the
underlying systems.

Magn Reson Med. Author manuscript; available in PMC 2022 February 01.
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Methods

Phantom Preparation

We prepared glycine (Sigma-Aldrich), creatine (Sigma-Aldrich), egg white protein
(commercial), and D-glucose (Sigma-Aldrich) phantom solutions at different phosphate
concentrations (ranging from 5 to 80 mM) and pH levels (ranging from 5.6 to 8.9). Detailed
information on phantom compositions can be found in Table 1. All sample solutions were
pipetted from highly concentrated stock solutions to ensure the precision of concentrations.
We used monaobasic and dibasic potassium phosphate (KH2PO4 and K2HPO4, Sigma-
Aldrich) as buffer agent and catalyst of the proton exchange process. KH,PO4 and KoHPO,4
concentrations were calculated from phosphate pKa (6.82), desired pH, and total phosphate
concentration for each sample. pH was measured at room temperature with Accumet pH
meter (Fisher Scientific, Massachusetts, MN, USA), after mixing and pH adjusting using
acid (HCI) and base (NaOH).

Proton Exchange Model

In general, the rate constant of proton exchange kg, between water and exchangeable proton
pools can be described by:

kex = ko+ ko[ H* | + ky[OHT]+ Y kefcatalyst]” 4i1]
i

Where Ay, Kk kg, and kg jrepresent the spontaneous, acid-catalyzed, base-catalyzed exchange
rate constants, as well as the exchange rates contributed by other catalysts.

Assumption 1: The acid-catalyzed proton exchange can be ignored for exchange between
water and amine (~NH>) or amide (—~NH) groups. The rate constant of proton transfer can
often be calculated from?8:

104PK

— #2]
P+ 102K

ktransfer =k

Where ApK = pK(acceptor)—-pK(donor), and kp is the rate constant for diffusion controlled
encounter of the proton donor and acceptor, typically 1019 — 1012M~1sec™1.19 In the case of
acid- or base-catalyzed proton exchange, A#* or OH" serves as proton donor/acceptor with
pK = 14, and amino acid groups as proton acceptor/donor with pK ranging from 9 to 11.20
Due to the large negative value of ApK'in the acid-catalyzed process, it is safe to assume that
acid-catalyzed proton exchange has negligible contribution to the total exchange rate, under
physiologically relevant pH. The glucose hydroxyl group, on the other hand, has a pK of
12.28,21 which would lead to a non-negligible contribution from the acid-catalyzed proton
exchange when pH is lower than ~6. The amide proton exchange process is usually
complicated by the neighboring carbonyl group and the local environment in peptides and
proteins. Eriksson et al. have shown that the pH,,,;, — the pH where acid- and base-catalyzed
exchange rates become equal — is typically in the range of 2 to 4 for amide protons.22:23
Based on this, we also ignored acid-catalyzed proton exchanges in amide groups.

Magn Reson Med. Author manuscript; available in PMC 2022 February 01.
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Assumption 2: The catalytic effect of inorganic phosphate species can be expressed as the
sum of HPO; ~ and H, POy catalyzed exchange. At room temperature, potassium phosphate
has pK, of 2.15, 6.82, and 12.38. As a result, the predominant forms of phosphate were
HPOZ~ and H,POj in the pH range of 5 to 9.

Given the above assumptions, we formulated the proton exchange rate model as:
kex = ko (+koH']) +ks[OH ]+ K, A[HPO% ‘] + kep[ H2POJ | #13]

where k.4 and & grepresent the H POz~ and H, PO} catalyzed exchange constants,

respectively. The acid-catalyzed exchange rate term is only included for —OH group
analysis.

CEST-MRI Acquisition

CEST images were collected using a multi-echo multi-slice CEST-EPI sequencel® on a
Siemens 3T scanner (Prisma), with an off-resonance saturation train of three 100ms
Gaussian pulses using a peak amplitude of 4.2uT for amine phantoms and 1.4uT for protein
and glucose phantoms. The duty cycle of the RF irradiation was 70%. The non-selective
saturation pulses were repeated before the EPI acquisition of each slice, to ensure sufficient
spin labeling. Supplementary Fig. 1 demonstrated the schematic diagram of the sequence.
Four acquisitions of reference images, with no RF irradiation, were performed at the
beginning of the scan, followed by the acquisition of saturated images with off-resonance
saturation frequency from —5.0 ppm to +5.0 ppm. The other acquisition parameters were as
follows: TR =10 s, TEs = 14.0 ms and 34.1 ms, FOV = 217x240 mm, matrix size =
116x128, slice thickness = 4.0 mm with no inter-slice gap, slice number = 24, partial Fourier
= 6/8, GRAPPA = 3, and bandwidth = 1628 Hz/pixel. All experiments were performed at
room temperature.

CEST Post-Processing

Post-processing of CEST data consisted of motion correction, z-spectral based By
correction,24 followed by quantification of magnetization transfer ratio asymmetry
(MTRjsym) using equation: MTRsyn( @) = (X ~w)-Sw))/ S, where S(w) was the amount of
bulk water signal available after the saturation pulse with offset frequency w and S, was the
signal available without application of RF saturation. MTR,sym Was calculated for each
voxel and averaged across the width of 0.4 ppm around 3.0 ppm for glycine, 1.9 ppm for
creatine, 3.5 ppm for egg white protein, and 1.3 ppm for glucose. The MTR,sym from the
first (TE = 14.0 ms) and second (TE = 34.1 ms) gradient echoes were averaged to increase
the available SNR. We manually created the regions of interest (ROIs) for each sample
(about 20 mm3 each) and calculated the mean and standard deviation of MTRasym- The
mean of MTRasym Was used in subsequent fitting of the Bloch-McConnell equation
simulation. All the post-processing of data was performed on MATLAB (Release 2019b,
MathWorks, Natick, MA).

Magn Reson Med. Author manuscript; available in PMC 2022 February 01.
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Parameter Fitting with Multi-Pool Bloch-McConnell Equation Simulation

We have adopted the multi-pool CEST model described by Zaiss et al. for simulating the
CEST effect using Bloch-McConnell equations (BME),2> with adaptation to accommodate
more than two exchange pools, as well as to include semi-solid macromolecule magnetic
transfer (MT) effect. The sequence parameters used in the phantom experiments were
applied in the BME simulation. Each 100 ms Gaussian pulse was approximated with a train
of 101 hard pulses. The evolution of magnetization was simulated and the transverse
magnetization of the 10t acquisition (equivalent to 3 x 10 Gaussian saturation pulses) was
used for fitting, to ensure a steady state signal. The results were then applied to the mean
MTR,sym measurements from all phantom samples, to solve for the best fitting exchange
rate constants kg, ks, kp ko4, and k;g, the concentration of the exchanging proton species,
and the water transverse relaxation time To,,. All fittings and subsequent simulations were
performed using MATLAB (Release 2019b, MathWorks, Natick, MA).

For the egg white protein phantom simulation, three exchange pools (water, amine, and
amide proton) and the semi-solid MT effect were included in the simulation fitting. We
assumed that the amine proton exchange characteristics were the same as in glycine
phantom, and that the exchange rate of semi-solid MT pool was 20 s~ with no pH or
phosphate concentration dependency.

The proton exchange rate parameters that yielded the best-fit to the experimental data using
least squares regression were retained and used for subsequent analyses. The least square
regression was performed with MATLAB using functions /sqcurvefitand nlinfitin two
stages. First, we used the negative offset zspectrum data of the sample with the lowest
MTRgsym to find the water T, and semi-solid MT pool fraction in the case of egg white
phantom. At the second stage, we applied the obtained T, and MT pool fraction to the
simulation and performed the fitting for exchangeable proton concentrations and exchange
rate constants. In both stages, the /sgcurvefitfunction with trust-region-reflective algorithm
was used to obtain rough estimates, which were then used as initial guesses for the n/infit
function with the Levenburg—Marquardt algorithm, to obtain the final parameter estimates.
Since the concentration, exchange rate, and T, parameters are positive by nature, the
absolute values of the parameters were used in n/infitto avoid setting the lower bound. The
residual and the Jacobian of n/infit were used to evaluate the confidence interval of the fitted
parameters with function n/parci.

CEST Simulation of Normal Brain Tissue and Brain Tumor

To understand how the different intracellular and extracellular phosphate concentration
might affect the amine and amide CEST contrast, four tissue compartments were simulated,
including the intra- and extracellular compartments for both normal brain tissue and brain
tumors. Water T and T, values were adopted from literature values for normal white matter
and glioma (normal tissue: Tq =0.832's, T, =0.110 s; tumor tissue: T; = 1.558 s, To = 0.160
5).26-28 phosphate concentrations were assumed to be the same in normal and tumor tissue,
with intracellular concentration of 20 mM and extracellular concentration of 1 mM.
Increases in cytosolic protein,” amino acid,?® and glucose concentration39 have been
reported in tumors, while creatine concentration was reported to decrease in brain tumors.29

Magn Reson Med. Author manuscript; available in PMC 2022 February 01.
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The other assumptions of the tissue parameters used in the simulation included: higher
amine and amide concentration in the intracellular compartment; equally distributed glucose
concentration3!; increases in extracellular amine concentration, contributed from increased
amino acid demand and uptake,32 increased glutamate release,33:34 and increased
extracellular protein and peptides.3® The detailed tissue parameters and sequence parameters
used in the simulation can be found in Table 2. The combined CEST contrast was calculated
by assuming that 3/4 of the water proton signal arose from intracellular space and 1/4 from
extracellular space for normal tissue, while for brain tumor tissue the signal was assumed
arise half-and-half from intra- and extracellular space.3>

CEST Simulation of Dynamic Glucose Enhanced (DGE) MRI

Results

We also simulated the time evolution of the DGE signal, in order to have a qualitative
understanding of the intra- and extracellular contribution of the signal change. We modified
the compartmental model for fluorodeoxyglucose (FDG) PET36 to include three
compartments: plasma, extracellular space, and intracellular space (Fig. 1a). The
concentration of externally introduced glucose in each compartment was denoted as C, C,,
and C;, respectively. The exchange rates between the compartments were adopted and
modified from a previous FDG study,3’ with detailed parameter values listed in Table 2. The
exchange rates between plasma and brain tissue (&7, k2 and the metabolic rate of glucose
conversion to glucose-6-phosphate (k5) were adopted directly from the PET study. In
addition, we assumed that tumor tissue exhibited faster exchange rates than normal white
matter and had exchange rates similar to grey matter. The exchange rates from extracellular
to intracellular compartment were assumed to be similar to that from plasma to brain tissue,
with much smaller efflux rates. The simulated dynamic glucose concentrations at each time
point were added to the endogenous concentrations for CEST contrast simulation. The
CEST sequence parameters used for simulation are listed in Table 2 and the time evolution
of DGE signal was calculated as the normalized signal change at 1.2 ppm using the
equation: AS Sy = (Spasetind1.2ppm)—S{1.2ppm))! Sy, where S(w) is the water signal after
the saturation pulse with offset frequency w at baseline and at each timepoint.

We performed phantom experiments with four representative metabolites with exchangeable
protons with different phosphate concentrations at different pH levels (Table 1). The
measurements of phantom MTRgsym Were then fitted with full Bloch-McConnell equation
simulations of the CEST sequence. The results of BME fitting and the confidence intervals
(CI) of the fitted parameters were summarized in Table 3. We subsequently used the best-fit
parameters to simulate the /7 vivo CEST signal, to better understand the source of contrasts.

Phantom Experiments and Bloch-McConnell Equation Fitting

The phantom experiment results for glycine was shown in Fig. 2a—d. Both pH and phosphate
concentration affected the CEST characteristics of glycine. Under the same phosphate
concentration, glycine exhibited higher MTRsym, at lower pH. At a phosphate concentration
of 80 mM (Fig. 2d), the high MTR,sym at acidic pH was largely reduced, compared to at 5
mM phosphate concentration (Fig. 2b). MTRasym at 3.0 ppm from all phantom samples were

Magn Reson Med. Author manuscript; available in PMC 2022 February 01.
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fitted with Bloch-McConnell simulations and plotted in Fig. 2e—f. The Bloch-McConnell
simulation fitted well with the physical phantom measurements (/% = 1.00, Fig. 2e—f). The
fitted exchangeable proton concentration was 181.73 mM (CI: 176.46 — 187.00 mM). The
result was slightly lower than but still largely in agreement with the hypothesis that each
glycine molecule contributed two exchangeable amine protons. Results also confirmed the
high dependency of amine CEST contrast on phosphate concentration (kg4 = 2.26x10° s™1M
1 keg=7.55x10% s7IM~1) and on pH (&} = 3.45x1010 s7IM~1). Using the fitted
parameters, we calculated the proton exchange rate with the equation:

kex = ko + kp[OH™] + kCA[HPoﬁ ‘] + keg|HoPO7 ], as plotted in Fig. 2g. At lower pH, the

exchange rates at different phosphate concentrations could differ by one order of magnitude.
Lastly, the image of glycine phantom MTRgsym map was demonstrated in Fig. 2h.

Fig. 3a—d plotted the phantom experiment results for creatine. Creatine CEST characteristics
changed drastically with different pH levels. However, they were not affected by different
phosphate concentrations. The peak of MTR,sym contrast at around 1.9 ppm increased with
increasing pH, peaking at pH 7.6, and decreasing at higher pH levels with a broadened line
width, indicating the entering to fast exchange regime (Fig. 3b,d). The BME fitting of
MTRgsym at 1.9 ppm from all phantom samples was shown in Fig. 3e—f (R%=0.99). The
amine proton concentration was fitted to be 134.33 mM (CI: 130.58 — 138.17.20 mM). The
fitting results also agreed with the observation of high pH dependency (k, = 1.34x10% s71M
1) but low phosphate concentration dependency (k4 = 630.43 s M1, k5= 0s"IM™D).
With these fitting parameters, we calculated the proton exchange rate, as plotted in Fig. 3g.
The image of creatine phantom MTR,sym map was shown in Fig. 3h.

Fig. 4a—d depicted the phantom experiment results for egg white protein. The MTRggym With
offset frequency 3.00 ppm or higher demonstrated similar features at low and high
phosphate concentration (Fig. 4b,d). However, changes in MTR,sym Were observed in the
range of 1.0ppm to 3.0ppm, which was similar to the trend observed in glycine phantom. At
a phosphate concentration of 5 mM, MTRsym increased with decreasing pH (Fig. 4b). The
elevated MTR,sym at acidic pH was then largely suppressed when phosphate concentration
reached 80 mM (Fig. 4d). The BME fitting results were plotted in Fig. 4e—f. The amide and
amine concentrations were fitted to be 46.46 mM and 46.44 mM, respectively. The semi-
solid macromolecule pool fraction was fitted to be 3.45x1076. APT contrast had a high pH
dependency (k;= 7.53x107 s~IM~1) but low phosphate concentration dependency (k.4 =
8.52 sTIM™1, k5= 13.92 s7IM™1). This was also demonstrated by the proton exchange plot
in Fig. 49. An egg white protein phantom MTRgsym image map was shown in Fig. 4h.

Lastly, we used a D-glucose phantom to understand its CEST characteristics and
dependencies on pH and phosphate concentrations (Fig. 5a—d). Glucose predominantly took
the form of pyranose ring in the solution. The ratio of the a and p pyranose configuration
has been reported to be 0.36/0.64. The C-1 —OH group has a chemical shift at 2.08 ppm for
a form and 2.88 ppm for B form. The —OH groups at C-2, 3, and 4 have similar chemical
shift at 1.28 ppm. And the C-6 —OH group has a chemical shift at 0.66 ppm.38:3% We were
able to observe two main peaks on the MTR,sym plot (Fig. 5b), one close to 1.28 ppm, the
other around 2.88 ppm. The 0.66 ppm peak could be too close to the water resonance
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frequency to be observed at 3T. The 2.08 ppm peak generally had a smaller pool fraction and
might be coalesced with the other peaks due to its position. The MTRgsym peaks observed at
5 mM phosphate concentration were suppressed when using 80 mM phosphate as buffer.
The BME fitting results of the 1.28 ppm proton pool were demonstrated in Fig. 5e—f. The
hydroxyl proton concentration was fitted to be 267.32 mM (ClI: 204.05 — 330.59 mM),
consistent with the hypothesis that glucose molecule contributed three hydroxyl protons that
resonated at 1.28 ppm. Glucose CEST contrast has a high dependency on both pH (k; =
2.64x108 s7IM™1, k, = 3.93x10% s7IM1) and phosphate concentration (k4 = 6.46x10% s
“IM™L kg = 2.35%x10% sIM™1). Fig. 5g shows how the phosphate-catalyzed effect and the
acid- and base-catalyzation both contributed to the total exchange rate. The image of the
glucose phantom MTRasym map was shown in Fig. 5h.

BME Simulation of Amine, Amide CEST contrast and DGE time curve

Using the best-fit exchange rate parameters obtained from the physical phantoms, the intra-
and extracellular CEST effect within normal brain or tumor tissue were evaluated (Fig. 6).
With two CEST saturation schemes at high and low saturation pulse strengths, we targeted
fast-exchanging amine protons and slow-exchanging amide protons, respectively. Compared
to the amine CEST simulation, the MTRgasym spectrum of amide CEST in the intracellular
compartment showed sharper peaks at amide proton resonance frequency (3.5 ppm) and
creatine proton resonance frequency (2.0 ppm), although the peak amplitudes were similar
(Fig. 6b,e). The greater difference presented in the tumor extracellular compartment
simulation, where significantly higher MTRasym Was observed at a-amine proton resonance
frequency (3.0 ppm). When combining the intra- and extracellular compartments together,
both amine and amide CEST effect had predominant contribution from intracellular
compartment. However, the change in amine and amide CEST in tumor tissue compared to
normal tissue had different sources, with extracellular area changes contributing more to the
amine CEST tumor tissue contrast (63%) and intracellular area contributing more to amide
CEST contrast (70%).

We also evaluated the dynamic CEST signal change during DGE imaging. The Kinetics
modeling of externally administered glucose concentration in different compartments
demonstrated a fast initial increase in extracellular concentration, followed by a slower
increase in intracellular concentration (Fig. 1b). The extracellular glucose concentration in
tumor tissue was only slightly higher than that of normal brain tissue under the current
simulation parameter settings, while the predominant total tissue concentration difference
came from the intracellular space. With the full BME simulation of CEST effect, we found
that the CEST signal difference between normal and tumor tissue was mostly contributed
from the extracellular space (Fig. 1c).

Discussion

Glycine

Glycine is the simplest amino acid. It has a single hydrogen atom as its side chain. We used
glycine to evaluate the exchange rate characteristics of —aNH, group in amino acids. At low
phosphate concentration, MTR,sym at 3.0ppm increased with decreasing pH and peaked
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around pH 6.0 to 6.5. As the pH approached 7.4, the proton exchange rate went from
intermediate exchange regime to fast exchange regime, leading to decreased CEST labeling
efficiency. With increasing phosphate concentration, the curve of MTR,sym shifted toward
lower pH (Fig. 2e). The catalytic effect of phosphate caused the saturation efficiency to drop
even when limited base-catalysis was present. The BME fitting confirmed the high
dependency of amine CEST contrast on phosphate concentration and on pH. Although the
base-catalyzed exchange rate constant of glycine proton has not been reported before, & of
glutamate with a similar —aNH, group, was reported to have kj, = 2.52x1010 — 4.50x1010 s
~1M~140.41 which agrees well with our fitting results (k= 3.45x1010 s7IM~1), With an
intracellular phosphate concentration of about 60mM and pH of 7 at body temperature 37°C,
the phosphate-catalyzed exchange rate was calculated to be 8.34x103 s~1, which contributed
almost half of the total exchange rate 1.71x10% s~1. The high intracellular phosphate
concentration might lead to the suppression of intracellular amine CEST contrast, resulting
in a higher sensitivity to changes in extracellular environment.

Creatine is one of the major metabolites in the cell bioenergetic system. It is of wide interest
to image creatine non-invasively in muscle, heart,2 and in pathological conditions
including infarct and brain tumors.#344 Creatine also possesses amine proton-like amino
acids, but within a guanidinium group (HNC(NH>),). The resonance stabilization of charge
on the two —mNH, makes the cation form of creatine guanidinium group (NHy),* a highly
stable structure under neutral pH. This unique structure exhibited different proton transfer
characteristics from —aNH, group, with high pH dependency but low phosphate
concentration dependency. From the BME fitting, the amine proton concentration was fitted
to be 134.33 mM, which was lower than the expected 200 mM. The deviation from the
hypothesis of four exchangeable protons in each creatine molecule was likely due to the
deprotonation at high pH (pK,; = 12.7) and the intra-molecular cyclisation to creatinine at
lower pH,*® both leading to a reduction of the total number of exchangeable protons. An
average number of exchanging guanidinium protons per creatine molecule of less than four
was also reported by a previous quantitative creatine CEST study.*® With the fitted exchange
rate constants, we calculated the proton exchange rate under intracellular environment
(phosphate concentration = 60mM, pH = 7, temperature = 37°C). The phosphate-catalyzed
exchange rate was calculated to be 22.78 s71, contributing only about 6% of the total
exchange rate 374.59 s~1. This dominant base-catalyzed and weak buffer-catalyzed proton
exchange was also reported previously.® The published exchange rate of creatine
guanidinium protons at pH = 7 and body temperature ranged from 810 s~1 to 1190 s~1.41.46
Our predicted values of exchange rates were smaller than the values reported by other
groups, though within the same order of magnitude. The deviation may be due to our
assumption that the exchange rate constants were independent of temperature.
Characterizing the temperature dependency of creatine proton exchange rate was beyond the
scope of this study and has been previously described.*’

Egg white protein

Generic egg white protein is an easily available source of a rich variety of proteins (Table 1)
commonly used as a physical phantom for APT imaging.#84% However, the complexity
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arising from multiple exchangeable proton pools in addition to semi-solid macromolecular
MT and nuclear Overhauser enhancement (NOE) effects makes accurate modeling difficult.
Compared to amine phantoms, the goodness of fitting for amide MTRsym Was less optimal
(R2=0.90). The relatively low /2 was mostly likely due to that the complexity of protein
proton exchange could not be fully captured by the proposed three-proton pools exchange
model with macromolecule MT effect. Protein amine and amide protons experience different
microenvironments and shielding depending on the local protein structure and nearby side
chains. This would lead to the broadening of CEST peaks as well as a distribution of
exchange rates across these slightly different proton exchange species. With intracellular
environment, the phosphate-catalyzed exchange rate only made trivial contribution to the

total exchange rate of 46.98 s~1, which was consistent with literature values of 22 s™1 to 280
-1 50-52
s

In recent years, there has been increasing interest in using glucose CEST to investigate
glucose uptake and metabolism, both in a steady state and dynamically.13:5354 |n the
phantom experiment results, we observed suppression of all MTRasym, peaks at 80 mM
phosphate concentration. This indicated a strong phosphate-catalyzed proton exchange at all
—OH sites, and that the exchange rate entered into fast exchange regime at high phosphate
concentration. Instead of fitting all four exchangeable proton pools, we fitted the MTRasym
at the main proton resonance frequency (1.28 ppm) to limit the number of fitting parameters
while still being able to capture the main CEST characteristics. The influence of the other
exchange pools, especially the C-6 hydroxyl proton pool at 0.66 ppm, might have led to the
small deviation of the fitting results from the phantom data (R4 = 0.95). Higher field strength
or spectroscopic methods would be needed to separate the effect. We demonstrated that the
phosphate-catalyzed effect was most obvious around pH of 6.5, accelerating the exchange
rate by one order of magnitude, while the acid- and base-catalyzed exchange rate contributed
more at lower or higher pH. In the intracellular environment, the phosphate-catalyzed
exchange rate was calculated to be 2.89x103 s71, contributing more than 70% of the total
exchange rate of 3.91x103 s™1. Glucose proton exchange rate at pH 7 and with 10 mM
phosphate buffer was reported to be 2.56x103 s~1.41 Our result with the same condition was
calculated to be 1.50x103 s71, which was lower than literature values while within the same
order of magnitude. This might be because the signal we observed at 1.28 ppm was a
mixture of multiple proton pools, including the 0.66 ppm hydroxyl group, which was
reported to have an exchange rate of 950 s~1,41

Implications on Amine, Amide CEST, and DGE Contrasts

The majority of phosphate in human body resides in the intracellular space. We
demonstrated with our simulation that the catalytic effect of phosphate on proton exchange
would contribute differently to the intra- and extracellular CEST effects within normal brain
and tumor tissue. The intracellular a-amine CEST contrast would be suppressed due to the
high proton exchange rate, which was contributed from both non-acidic intracellular pH and
higher phosphate concentration. The extracellular a-amine CEST contrast in tumor tissue,
on the contrary, would benefit from the higher amino acid concentration, slower exchange
rate, and increased extracellular volume fraction. These effects together would result in a
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predominant amine CEST contrast between tumor and normal tissue arising from the
extracellular space and a higher sensitivity to changes in extracellular pH. On the other hand,
phosphate has little effect on APT contrast, leading to the contrast primarily arising from
changes in the intracellular compartment.

Hydroxyl proton exchange process was also greatly catalyzed by phosphate. Recently,
multiple studies have explored the use of DGE imaging to evaluate the perfusion, uptake,
and metabolism of glucose, in both brain tumor mice models and human subjects. In these
pioneering works, DGE contrast was quantified as the change in normalized signal over time
and the area under the time curve. Due to constraints including contrast to noise ratio and
limited time resolution, no analysis of the kinetic characteristics has yet been performed.
With advances in techniques and the standardization of contrast injection and image
acquisition schemes, the kinetics modeling of DGE signal would allow us to extract
important information of the tumor metabolism. Here we modified the FDG PET
compartmental model to include intra- and extracellular components and simulated the
dynamic glucose CEST effect.38 We found that despite the greater glucose concentration
change in the intracellular compartment, the CEST signal contrast between normal and
tumor tissue was mostly contributed from the extracellular compartment, due to the slower
hydroxyl proton exchange rate from low pH and low phosphate concentration. We believe
that taking the phosphate concentration gradient into consideration would be essential to
accurately model the DGE kinetics in the future.

Limitations and Future Work

At field strength of 3T, CEST contrast often suffers from low specificity due to overlapping
effects from direct water excitation and multiple exchange pools. One limitation of our
phantom study is that for physical phantoms with multiple exchange pools (egg white
protein and glucose phantom), the quantification of exchange rate constants using BME
fitting may be less accurate. Although the current study provided experimental evidence of
the effect of phosphate-catalyzed proton exchange, CEST experiments at higher field
strength or spectroscopic approaches need to be conducted to achieve accurate exchange rate
constants quantification.

In this study, we added phosphate concentration as one more layer of complexity to the
CEST contrast dependencies. However, we are still only considering a simplified model of
in vivo conditions. We have demonstrated that inorganic phosphate was an effective catalyst
of proton exchange, leading to altered CEST contrast. However, the majority of intracellular
phosphate is in the form of different organic phosphates, including phosphocreatine,
adenosine triphosphate (ATP), phosphoglycerate, phospholipid, and other phosphate esters.
Question remains whether the organic phosphate shares similar catalytic characteristics to
inorganic phosphate. With the known inorganic phosphate rate constants obtained from
current experiments, the catalytic effect of organic phosphate can be approximated using the
Brgnsted catalysis law, as the organic phosphate species contains phosphate groups with pKj,
values similar to those of inorganic phosphate (Table 4). In order to achieve a more accurate
evaluation of the /n7 vivo conditions, future investigation needs to be done using organic
phosphate. Nonetheless, extra caution is required when conducting CEST experiments, since
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the majority of organic compounds contain exchangeable protons that might directly change
the CEST signal, obscuring the catalytic effect. In addition, although a large portion of
intracellular phosphate is bounded to large molecules (Table 4), including phospholipids,
phosphorylated proteins, and DNA, the slower diffusion rate or immobility of these large
molecules may lead to less effective catalysis. Future study could adopt liposome to evaluate
if phosphate bounded to large molecules would still have sufficient general base catalytic
effect.

Furthermore, other proton exchange catalysts that are abundant under physiological
conditions, including carbonate, amine groups, and acetate, could also have substantial effect
on CEST contrast.1” In addition to H* and OH~ dissociated from water, acidic, and basic
groups in proteins and peptides could also serve as efficient acid- and base-catalysts,
especially when in the close proximity of the exchangeable proton. Besides, temperature
dependency of exchange rate constants also needs to be considered in future experiments.
Lastly, phosphate concentrations might change in different populations and under different
physiological or pathological conditions. Infants generally have higher serum phosphate
levels than adults,>” while their total brain metabolite phosphate concentrations tend to be
lower.58 During anaerobic exercise, phosphate is rapidly converted between species involved
in cell energetics (inorganic phosphate, phosphocreatine, ATP). Hypo- or
hyperphosphatemia may occur due to various endocrine and metabolic disorders, including
parathyroid disease and chronic kidney diseases.>® Thus, more work needs to be done to
systematically characterize and identify major sources of CEST contrast under different
physiological and pathological conditions.

In the simulation study, we have directly applied the high and low saturation powers (peak
B; of 4.2 uT and 1.4 uT) used in phantom experiments for the two simulation saturation
schemes. In order to explore the influence of saturation power on CEST signals, we have
also performed a simulation with a range of different saturation powers, with peak Bq
ranging from 0.7 pT to 4.2 uT, as plotted in Supplementary Fig. 2. In the future, a more
comprehensive optimization of the saturation power could be performed to maximize the
contrast of interest.

The simulation of the dynamics of DGE signal was performed with parameters adopted from
FDG PET studies. The timescale and the amplitude of DGE signal would likely be very
different in actual cases, depending on technical factors including the contrast dosage and
injection velocity, as well as biological factors including the glucose uptake and metabolic
rate in different tissues. We demonstrated here only a qualitative example to show that due to
the catalytic effect of local microenvironment, DGE signal change cannot be translated
directly to change in glucose concentration in tissue, unlike in dynamic gadolinium-
enhanced MRI or PET imaging. Specific kinetics models would need to be designed and
tested for DGE time curve in the future.

Conclusion

In this study, we investigated the catalytic effect of phosphate on proton exchange of
glycine, creatine, egg white protein, and glucose. We found that glycine amine CEST
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contrast and glucose hydroxyl CEST contrast were greatly influenced by phosphate
concentration, which would lead to a higher sensitivity to extracellular environment. While
APT and creatine CEST contrast were not as affected by phosphate, leading to mostly
intracellular sensitivity. Results suggest phosphate should be taken into account in future
CEST-MRI research, potentially leading to new opportunities including non-invasive
imaging approaches specific to phosphate biochemistry.

Supplementary Material

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

Simulation of dynamic glucose enhancement (DGE) time signal. The compartmental model
of DGE were demonstrated in A. B showed the arterial input function and the extracellular
and intracellular compartment concentration time curve simulated with a compartmental
DGE kinetics model. The total tissue concentration was calculated as the sum of
extracellular and intracellular concentration. Solid lines represented the time curves of
normal white matter tissue, and the dashed lines represented time curves of tumor tissue.
The kinetics model was then used to simulate DGE signal change over time, as
demonstrated in C.
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Glycine phantom experiment data and Bloch-McConnell simulation fitting results. A and B

show the zspectra and MTR,sym of phantom solutions of different pH with phosphate

concentration of 5 mM. C and D show the z-spectra and MTRasym experiment data with
phosphate concentration of 80 mM. All data points were represented with mean and error
bar of standard deviation. The MTRysym at 3.0 ppm of each phantom sample and the Bloch-
McConnell equation fitting results were plotted in E and F. Using the fitted exchange rate
parameters, the proton exchange rates were calculated for each sample and plotted in G. H
showed a colored map of MTRgsym at 3.0 ppm at one slice.
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Creatine phantom experiment data and Bloch-McConnell simulation fitting results. A and B

show the zspectra and MTR,sym of phantom solutions of different pH with phosphate

concentration of 5 mM. C and D show the z-spectra and MTRasym experiment data with
phosphate concentration of 80 mM. All data points were represented with mean and error
bar of standard deviation. The MTRasym at 1.9 ppm of each phantom sample and the Bloch-
McConnell equation fitting results were plotted in E and F. Using the fitted exchange rate
parameters, the proton exchange rates were calculated for each sample and plotted in G. H
showed a colored map of MTRasym at 1.9 ppm at one slice.
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Figure 4.
Egg white protein phantom experiment data and Bloch-McConnell simulation fitting results.

A and B show the z-spectra and MTRasym 0f phantom solutions of different pH with
phosphate concentration of 5 mM. C and D show the zspectra and MTRasym experiment
data with phosphate concentration of 80 mM. All data points were represented with mean
and error bar of standard deviation. The MTRgsym at 3.5 ppm of each phantom sample and
the Bloch-McConnell equation fitting results were plotted in E and F. Using the fitted
exchange rate parameters, the proton exchange rates were calculated for each sample and
plotted in G. H showed a colored map of MTRgasym at 3.5 ppm at one slice.
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Figure 5.
Glucose phantom experiment data and Bloch-McConnell simulation fitting results. A and B

show the zspectra and MTR,sym of phantom solutions of different pH with phosphate
concentration of 5 mM. C and D show the z-spectra and MTRasym experiment data with
phosphate concentration of 80 mM. All data points were represented with mean and error
bar of standard deviation. The MTRysym at 1.3 ppm of each phantom sample and the Bloch-
McConnell equation fitting results were plotted in E and F. Using the fitted exchange rate
parameters, the proton exchange rates were calculated for each sample and plotted in G. H
showed a colored map of MTRgsym at 1.3 ppm at one slice.
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Figure 6.

Simulation of amine and amide CEST signal in the intracellular and extracellular
compartment of normal white matter and brain tumor. A and B showed the zspectra and
MTR;sym Of the simulated amine CEST effect. The MTRgsym at 3.0 ppm contrast
contributed form intra- and extracellular compartment was stack plotted in C. D and E
illustrated the z-spectra and MTRasym 0f the simulated amide CEST effect, with the
MTRgsym at 3.5 ppm contrast contributed form intra- and extracellular compartment stack
plotted in F. In B and E, the gray dashed lines represented the offset frequencies of four
exchangeable protons pools (-OH: 1.28 ppm, —nNH2: 1.9 ppm, —aNH>: 3.0 ppm, -NH: 3.5
ppm). Solid blue and yellow lines represented the simulated MTRasym assuming intracellular
phosphate concentration of 20 mM and extracellular concentration of 1 mM. Dashed blue
and yellow lines represented the simulated MTRgsym assuming intracellular and extracellular
phosphate concentration of 10 mM.
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Table 1.
Sample preparation for phantom experiments
Phantom species Glycine Creatine Egg white protein Glucose
(4]
0 . N o o
N Ovalbumin (54%), Ovotransferrin \
Molecular structure | ’ N N (12%), Ovomucoid (11%), Globulin
0 (8%), etc. o ‘ ™
Q
o L Amine —aNH, _
Exchangeable proton Amine —aNH, Amine -nNH, Amide -NH Hydroxyl -OH
Species concentration 100 mM 50 mM ~10% protein 100mM
Phosphate
concentration 5, 10, 20, 40, 80 mM
H 6.0t0 8.0 5.6t08.4 6.5t08.9 5.6t08.4
P with 0.2 interval with 0.4 interval with 0.4 interval with 0.4 interval

Magn Reson Med. Author manuscript; available in PMC 2022 February 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Yao et al.

Parameters used in computer simulation of CEST signal and dynamic glucose enhanced (DGE) time curve.

Table 2.

Simulation - tissue parameters

Normal (intracellular)  Tumor (intracellular)  Normal (intracellular)

Tumor (intracellular)

T water (5) 0.832 1.558 0.832 1.558
To water (5) 0.110 0.160 0.110 0.160
pH 7.0 7.2 7.4 6.6
Phosphate (mM) 20 20 1 1
Amine aNH, (mM) 20 24 10 20
Amide NH (mM) 70 84 15 18
Amine nNH, (mM) 20 16 0.1 0.1
Hydroxyl OH (mM) 15 30 15 30
Simulation — sequence parameters
Saturation pulse Amine CEST Amide CEST DGE
Pulse shape Gaussian Gaussian Gaussian
Peak B, amplitude (uT) 4.206 1.402 1.402
Pulse duration (ms) 100 100 100
Pulse number 3x10 3x10 3x10
Simulation — DGE dynamic model parameters
Exchange parameters Ky ko k3 K4 ks
Normal white matter 0.0540 0.1090 0.0500 0.0050 0.0450
Tumor tissue 0.1020 0.1300 0.1000 0.0100 0.0620

Magn Reson Med. Author manuscript; available in PMC 2022 February 01.



Page 25

Yao et al.

1-S 0TXTF'Z ="MV
1-8 ¢0TX0G'T ="
G560

[,0TxS7'€ - ,0TxS2'T]
y0TXGEZ

[0TxSt'6 — ,0Tx9¥ €]
,0Tx97°9

[0Tx9€'G — 50Tx052]
60TXE6'E

[g0Tx¥9°€ — g0Tx¥9'T]
g0Tx¥9'2
Llo02LT -0l
q°

[821-0zTl6VT

[65°0g€ — 50'v0z]

7988 7_0T >} 10 _IN]_98S ;_0T > JUelsu0d ajes abueyox3

q

"09Z 0} P31EOUNJ] BIBM S[BAJSIUI SUBPIU0D JOMO] B} ‘sialatesed Buinly JO ainyeu aAieBau-uou ay} 0} 8N "0JaZ SSS0JI [eAIaU souapYUOD,

1-S €50 ="MV
1-S ¥7'9y ="
060
185007 = 0]
Z6'€T
plrrzee—ol
258
[,0Tx€L'8— ,0Tx¥€9]
J0TXEG'L

VIN
[8e°6€ — ¥¥'ST]
e

[se'0-ve0lse0

[5-0Tx99°€ — 9_0TXEZ'€] 5-0TXSH'E
(uonaey) :9|NJBJOWOIIRIN

1-S86°'8T ="V
1-S 09°'GGE =
660

x[92¥ST - 0]

Qo

[c0Tx9T'T - 62°50T]
£7°0£9

[0TxTH'T —60Tx82T]
OTXVE'T

VIN
[tz'6T—80°6]
YTl

[caz-zzel e

[218eT - 85°0¢€T]

1-S c0TXG6'9= "MV
1-S y0TXTO'T ="
00T

[,0Tx62'T - ¢0Tx¥2'Z]
c0TXSG'2

[s0Tx05°C — 50Tx20°C]
c0T%x92°C

[010TxTL'€ — 4;0T%8T €]
o10TXSY'E

VIN

plo9ovT -0l
1€'88

[o9T-9eTl8rT

[o0° 28T - 9t9.T]

/ Hd 1e areydsoyd |NW 0G yum *3y ul abueyd

(Ww 0T = [FOd] ‘2 = Hd) ** areu abueyox3
Bumiy yo ;4

[12] (;_INI{-S) % JueISU0d a1el aburyIXa palid

[10] (;_IAI;_S) ¥ 1ueIsu0 ayes aBuByIXd Palid

[12] (;_INI{-S) 9 1ueISUOD a1kl abueydXa panI

[12] (;_INI{-S) ® 1eIsuoo ares abueyoxs pani4

[12] (;-8) % 1weIsu00 are. abueyoxs paniy

[12] (s) <1 100d serem paniq

[(1D) reatsiul a2uspiyuod] (W) uoiresuaduod uolold pani4

2192 [re'9e - Tz'v€] 97'9% HN EEVET €L°181
[88'18 - TO'TT] ¥¥'9¥ °HN
HO- 1AX01pAH HN- 9plwy ‘CHND- auIwy CHNU- sulwy CHND- aUIWY uojoud ajqesbueyox3
8s0on|9 uiayoud a1ym 663 aunea1d ENTINTS) sa10ads woyueyd
Bumiy uonenWIS []BUU0DIIN-Yd0]g Buisn suonewnss Jajaweled wolueyd
‘€ 9l1qeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Magn Reson Med. Author manuscript; available in PMC 2022 February 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Yao et al. Page 26

Table 4.

List of pK, values and concentrations of inorganic phosphate and common organic phosphate.

Concentration in brain Concentration in muscle
Number of PO4 groups  pKj, ] a . a
(intracellular) (intracellular)

Inorganic phosphate

Extracellular: 1 mM

. 61
Intracellular: 1-2 mMm60 Total: 4.6 mM

H,PO,/HPO,2~ 1 6.82

Organic phosphate - monophosphates

PE 1 657 3.03 mM®2 /

PC 1 657 0.40 mM®2 /

GPE 1 15¢ 1.07 mM©2 /
GPC 1 15° 1.76 mM62 /

PCr 1 4,563 5.83 mMS®?2 33.87 mM®4
AMP 1 6.165 / /

Organic phosphate — diphosphates

NAD 2 657 0.37 mM®2 /
UDPG 2 657 0.11 mM®2 /
ADP 2 6.3% / /

Organic phosphate — triphosphates
ATP 3 6.5% 4.12 mM®2 11.33 mm&

Phosphate bound to large molecules

Phospholipid 1 15 / /
Phosphorylated protein 1-multiple 5.517 / /
DNA, RNA multiple 15°¢ / /

Total metabolite phosphate measured by3'P-MRS in healthy human brains®®
Neonates: 14.9 mM; Infants: 16.1 mM, Adults: 29.3 mM
Total phosphate (including bounded phosphate) measured in rat brain biopsy®

148.47 mM

Abbreviations: PE, phosphoethenolamine; PC, phosphocholine, GPE, glycerophosphoethanolamine; GPC, glycerophosphocholine; PCr:
phosphocreatine; AMP: adenosine monophosphate; NAD: nicotinamide adenine dinucleotide; UDPG: uridine diphosphate glucose; ADP:
adenosine diphosphate; ATP: adenosine triphosphate; DNA: deoxyribonucleic acid; RNA: ribonucleic acid.

a . . . . . . . .
The tissue concentrations reported by literature were converted to intracellular concentration using the assumptions that organic phosphate
remains intracellular and that intracellular space occupies ¥ of the tissue.

bThe pKg of phosphate monoesters was adopted.56
DThe pKga of phosphate diesters was adopted.56

dThe pKa of pyrophosphate diesters was adopted.56
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