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ARTICLE INFO ABSTRACT
Magnetic Resonance Imaging (MRI), by enabling the non-invasive measurement
Article History: of certain physiological markers, facilitates the study and tracking of molecular

states, ultimately leading to the early diagnosis of diseases. Chemical Exchange
Saturation Transfer (CEST) serves as a novel contrast mechanism in MRI for
molecular studies. This contrast depends on multiple parameters, including
relaxation times, the chemical exchange rate between water molecules and the
contrast agent, the concentration of the contrast agent, and the properties of the
applied radiofrequency (RF) pulse. The chemical exchange rate is a crucial
parameter, as it correlates with various clinical indicators such as pH, temperature,
and metabolite concentration. However, its direct measurement remains
challenging. In this study, a method for determining this rate using RF pulse width
is proposed. First, the CEST effect is expressed in an analytical relationship,
demonstrating that this contrast reaches its maximum at a specific RF pulse width.
This analytical expression distinguishes the CEST effect from the magnetic transfer
effects caused by macromolecules in biological tissues, which act as confounding
factors. Assuming a known contrast concentration, the chemical exchange rate can
be determined through an analytical relationship based on the RF pulse width that
maximizes the CEST effect. The validity of this analytical relationship is confirmed
by comparison with widely accepted definitions of the CEST effect. Furthermore,
by applying a Taylor series expansion to the analytical expression, relevant
formulas from reputable publications are derived. The study employs validated data
from a three-pool structure, which is consistent with biological tissue models
referenced in authoritative sources. It is recommended that the findings of this
study be practically implemented on MRI scanners.

1. INTRODUCTION

Saturation transfer experiments and studies, which have long been established for investigating small molecules
and proteins, have led to the development of methods for tissue analysis and, subsequently, human body imaging.
The processes involved in saturation transfer and their effects on living tissues are complex. Most of these methods
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rely on chemical exchange, making it challenging to distinguish between them due to their similar nature [1]. In the
human body, saturation transfer is observed in macromolecules and semi-solid structures (Magnetization Transfer,
MT), but its measurement using magnetic resonance techniques is difficult due to short transverse relaxation times
(T2). However, in mobile structures, protein chains, and small peptides with longer T. relaxation times—
characteristic of slow chemical exchange mechanisms (CEST)—measurement becomes feasible. The MT effect,
caused by semi-solid macromolecules, acts as an interfering factor in the assessment of CEST effects [1,2]. This
effect has a resonance bandwidth of several kilohertz. MT was among the first imaging techniques based on
saturation transfer, and it quickly gained clinical applications. This technique, which detects semi-solid and slow-
relaxing components such as macromolecules, results in a broad Z-spectrum [3].

CEST contrast agents generally contain amide, amine, or hydroxyl groups. Based on tissue-specific properties
and parameters such as exchange rates and chemical shift values, valuable information regarding the concentration
and functionality of metabolic processes can be obtained. Exchange processes are essentially chemical reactions
dependent on the molecular structure. The exchange rate for amide protons is in the range of s, whereas for hydroxyl
protons, it is approximately 10,000 s, and it varies with temperature, pH, and buffer properties of the solution. It
can be asserted that this contrast is primarily defined by the exchange rate and the concentration of contrast agent
protons. Consequently, Magnetic Resonance Spectroscopy (MRS) can be utilized to non-invasively study
physiological parameters (such as intracellular pH, temperature, oxygen and energy consumption, and glucose
metabolism) in living tissues [1,3,4].

By facilitating chemical exchange between the water pool and the contrast agent pool, indirect measurement of
contrast agent protons can be achieved by observing changes in the water pool. During RF pulse application,
saturation transferred to the water pool accumulates, leading to significant and measurable changes in the water
proton signal. By enhancing this signal, indirect imaging of the contrast agent (which exists at a much lower
concentration than body water hydrogen) can be performed through the water pool signal [1,3-6].

For chemical exchange to occur, selective labeling of a specific set of hydrogen atoms with an RF pulse at the
Larmor frequency is required. As shown in Figure 1, the imaging pulse sequence used includes a rectangular
saturation pulse with width t,,;, amplitude B1, and frequency ® (such RF pulses are commonly used), followed by
an excitation pulse, spatial encoding, and image acquisition phase [7,8].
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Fig. 1. Imaging Pulse Sequence in a CEST Imaging Experiment [7]

One of the most crucial approaches for deriving an analytical mathematical relationship describing CEST is based
on the Z-spectrum. The Z-spectrum, which represents the normalized magnetization component along the Z-axis, is
quantitatively described and analyzed using the Bloch-McConnell equations [7]. Due to the very low concentration
of contrast agents compared to the hydrogen atoms in body water, this contrast effect results in a very small impact
on the Z-spectrum. If the resonance frequency of the contrast agent is very close to that of water, its separation and
detection become challenging. This issue becomes even more complex in real-world conditions when imaging the
human body, where magnetization effects from other macromolecules also contribute to the signal.
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Figure 2 illustrates the Z-spectrum obtained from mouse brain tissue. The most significant and strongest signal
peak appears at 0 ppm (the water peak) and is caused by the direct saturation of water protons. The dependence of
the Z-spectrum on the RF pulse amplitude and duration is also evident [7].
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Fig. 2. Z-Spectrum Derived from Live Mouse Tissue at Different RF Pulse Amplitudes and Durations [7]

For diamagnetic CEST agents with low exchange rates, increasing the RF pulse duration enhances the CEST
effect. Thus, transient response extraction is not critical in such cases. However, for PARACEST agents with high
exchange rates, prolonging the pulse duration does not necessarily maximize the CEST effect. Therefore,
determining the optimal pulse width that maximizes the CEST effect requires transient response analysis, as reported
by Jin et al. [7,9].

Several methods for measuring exchange rates have been reported [7,10]. Sun proposed a method for diamagnetic
agents based on an empirical definition that simultaneously estimates the exchange rate and contrast agent
concentration using the optimal RF pulse amplitude, without considering MT effects [10]. Currently, paramagnetic
agents are of particular interest due to their high Larmor frequencies, which allow them to be well separated from
the water resonance frequency. This separation reduces the direct saturation effect and facilitates direct measurement
of the CEST effect itself [1,3-5].

In any in vivo saturation transfer experiment, macromolecular effects commonly referred to as the MT effect are
inevitable [2]. Accordingly, two primary confounding factors in CEST measurement are direct saturation and MT
effects. Numerous studies have been conducted to isolate the pure CEST effect from these interfering factors [1,3-
5,7]. One of the most widely used and experimentally validated methods is MTRsm, frequently cited in the literature.
In this approach, the Z-spectrum is measured twice: once by increasing and once by decreasing the resonance
frequency. The difference between these two Z-spectra reflects the CEST effect, as the CEST signal is inherently
asymmetric and occurs only at positive frequencies, unlike direct saturation and MT effects, which are symmetric
[1,3-5,7].

This study focuses on paramagnetic agents while accounting for MT effects, proposing an RF pulse duration-
based approach for exchange rate estimation. Since MTR.sn alone does not allow for the derivation of an analytical
pulse width relationship in paramagnetic CEST experiments, an alternative definition, closely aligned with MTR 5
but free from confounding factors, is adopted to enable analytical pulse width computation [11].

The structure of the paper is as follows: First, a mathematical formulation of the CEST effect under the defined
conditions is presented for transient response analysis in a three-pool system (water, CEST, and MT) [11]. Then, the
optimal RF pulse duration is determined by differentiating the transient response function, establishing a relationship
between the optimal pulse width and the chemical exchange rate. Finally, simulation data are introduced, followed
by a discussion of results and recommendations.

2. TRANSIENT RESPONSE OF THE Z-SPECTRUM

The Bloch-McConnell equations serve as a suitable analytical tool for modeling and describing the Z-spectrum.
These equations, derived from the Bloch equations, can be applied in environments with different chemical
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properties. The simplest case involves a two-pool model, while more complex scenarios require multi-pool models
for representation and generalization.

During the application of an off-resonance RF pulse, under certain conditions, the only influential factor affecting
the longitudinal magnetization component Z of the water pool can be expressed by the following equation as a
decaying exponential function with a time constant R, ,(w) [7,12].

Z(w,t) = (Ppeps Py Z; — Z55 (). e R1p( @t 4 755 () (1)

In this equation, Zi and Zss represent the initial value of the normalized longitudinal magnetization and the steady-
state response (final value), respectively.

R res
Z; = |M;|/M, 9255(0’):1321'— 2

Rip(w)

Pzer5 and Py are projection coefficients, both of which are considered equal to cos 8 for CEST experiments
(where 6 follows its previous definition and represents the angle between the magnetization vector M and the axis).
Essentially, these coefficients describe the resultant magnetization vector in the rotating frame of reference. The
term R; s is approximately calculated using the relation R, ;.5 = cos 8. R,,. Theoretical calculations by Zaiss et al.
derived R;,(w) in a three-pool model, incorporating the MT effect, using the following equation [13].

Rex,p(w)
Ripme(®) = Regp (@) + =222+ Ry o (@) 3)

Here, R, sy represents the relaxation rate of water protons in the rotating frame, while R,, denotes the exchange-
induced relaxation rate in the rotating frame for different pools bbb and ccc. The pools b and ¢ correspond to the
contrast agent (CEST effect) and macromolecules (MT effect), respectively [7]. Zaiss also argued that under the
influence of the MT pool, the longitudinal relaxation time of the water pool is altered, and this effect has been
incorporated into the formulation [13].

1 Rig+f:R
Rlamt = E(kac + kca + Rla + Rlc - \/(kac + kca + Rla + Rlc)2 - 4(kcaR1a + kachc + RlaRlc)) ~ 1T;clc (4)

In other words, Rygm: and Ry, replace Ry, and Ry, respectively. If the concentration f, decreases (or more
precisely, as fo = 0, then Ry Rypme » R1a ‘Ry1p Will be exactly equal.

3. ANALYTICAL EXTRACTION OF CEST EFFECT

To obtain a definition of the CEST effect that effectively eliminates the direct water saturation and MT effects,
the Z-spectrum is calculated once in the absence of the CEST agent and again in its presence [11].

MTR (w,tsq) =Z (0,tsqe)|Rex =0—2Z (,t5q) (%)

By substituting the above relations, an analytical equation for three-pool systems is derived. That is:

R&(@) | pe
Rlp(w)|3 — pool = Reff(w) + 141, + Rex (w) (6)
and
Rlp(w)|3 - pOOZ' R(Ie)x =0= Reff(w) + Rgx(w) (7)

By substituting relations (6) and (7) into equation (5) and considering relation (1), equation (8) is obtained.

MTR (w,tsq)|3 —pool = cos? 0.
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[( __ Riemt__y o~(Repp(@)+REx(@)tsar 4 Raame | _ )
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4. EXTRACTION OF OPTIMAL PULSE DURATION

The optimal pulse duration is determined through relation (8) as an appropriate objective function for describing
the CEST effect. By differentiating relation (8) with respect to the pulse duration and simplifying, the optimal pulse
duration in three-pool systems is obtained from the closed-form equation (9).

b
a R“"("f) ) Ry (0)+ 5L RE (@)
Regp(w)+ fff +RSx(w)
t w)|3 —pool = .lo 9
satope(@)13 =P RO (@) 9( (1——Namt (g, . () +RS (@) ) ©)

Reff(@)+RGx(w)

By considering relation (9) at the resonance frequency of pool b, which corresponds to the CEST agent, relation
(10) is obtained.

REx(@p) , ¢
Pzeff-(Resf(wp)+ 1+fc +Rex(wp)|—R1amt-cos 6)

tsat,opt (@p)I3 = pool = 5. log( ) (10)

wp) Paeff-(Reff(wp)+REx(wp))—R1ame.cos 8

5. DATABASE

A valid dataset has been used to evaluate the system and ensure the accuracy of the results. A sufficiently large
number of data points is required. This data was reported by Guerke and colleagues based on a creatine phantom in
a 4.9 Tesla field. The values of these parameters are consistent with the muscle values of the body in the field, as
shown in Table 1 [14].

Table 1. Simulation parameter values in a three-pool system in a 4.9 Tesla field, according to the report by Guerke et al. [14].

arameters Sw(ppm) k(s™1) f Ty(s) | Tq(s)
Simulation da

Water pool (a) 01050 1/412
CEST agent pool (b) 1/9 1500 | 0/0014 0/015 1/412
MT effect pool (c) 0 66 0/074 /0000087 1

6. RESULTS

This section is divided into several sub-sections. The first part compares the validity of the relation used to define
the CEST effect with the widely accepted and referenced definition, which is consistent with the results derived from
experimental studies (M7Rasm). This comparison is made across different RF pulse ranges and varying chemical
exchange rates. Next, the dependence of the RF pulse width on the CEST effect is examined. It is shown that there
exists an optimal RF pulse width at which the CEST effect reaches its maximum value. Finally, the relationship
between RF pulse width and the chemical exchange rate is demonstrated, supporting the feasibility of measuring the
chemical exchange rate based on the RF pulse width, provided the contrast agent concentration is known.

6.1. Validation of the CEST Effect Definition
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MTRym is a widely recognized, reliable, and referenced metric in many scientific and experimental studies. Since
all claims in this paper are based on a definition that differs from M7TR.sm, a need for a distinct definition was
previously stated specifically, the necessity for an analytical relation that accounts for destructive effects (direct
water saturation and MT effect). Therefore, the accuracy of this definition is initially examined under various
conditions. Minor differences and similar behaviors across conditions could serve as evidence supporting the validity
of this approach. It should be noted that other studies have also simultaneously determined the optimal pulse width
and amplitude using this definition. In this section, using the dataset provided in Table 1, both MTR ., and the CEST
effect derived from relation (8) are calculated and compared across various values. Figure 3 compares the spectral
similarity of the two metrics across different RF pulse amplitudes (3, 5, 7, and 9 microtesla) and chemical exchange
rates (700, 1000, 1300, and 1600 s™*). The resonance frequency range is varied from 0 to 5 ppm.

CEST effect (vs offset freq.) for various chemical exchange rates CEST effect (vs offset freq.) for various RF pulse powers

Q.15 a1
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Proposed(ksw=1000) ——Proposed(B1=3uT)
o Proposed (ksw=1300) 0.08 Proposed(B1=5uT)
Proposed(ksw=1600) | | @4 X Proposed(B1=7uT)
. == Asymmetric(ksw=700) Proposed(B81=5uT)
3 i Asymmetric(ksw=1000) So0e —e=Asymmetric(B1=3uT)
k7 : e Asymmetric(ksw=1300) k3 Asymmetrio(B1=5uT)
5 '\ Asymmetric(ksw=1600) t o Asymmetric(B1=7uT)
8 L 8 0.04+ Asymmetric(B1=9uT) |
0.02
'o.““
e ol dn%w
2 3 4 5 0] 1 2 3 4 5
Offset frequency{ppm) Offset frequency(ppm)
(a) (b)

Fig. 3. Changes in the CEST effect spectrum according to the MTRusym criterion and the definition derived from relation (8) in
(a) different amplitudes and (b) varying exchange rates.

6.2. Dependence of the CEST Effect on RF Pulse Width

After confirming the validity of the definition used (relation (8)) of the CEST effect, as outlined in section 6-1,
the dependence of the CEST effect on the RF pulse width is investigated. A key observation in this section is the
existence of an optimal pulse width at which the CEST effect reaches its maximum. Given that the proposed
definition is a well-defined and continuous function based on physical values in line with human physiology, it can
be concluded that this function is differentiable (at least within the studied range). In Figure 4, variations in the RF
pulse width in the range 0f 0.5, 1, 2, and 10 seconds and their effects on the CEST spectrum are shown. As observed
in Figure 4, the CEST effect reaches its maximum value at a pulse width of 2 seconds.

CEST effect with various durations in the kind of models
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o
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5

0.02

Offset frequency(ppm)

Fig. 4. Changes in the CEST effect spectrum based on relation (8) at different pulse widths.
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6.3. Dependence of Chemical Exchange Rate on RF Pulse Width

In this section, instead of examining the entire CEST effect spectrum, only a frequency component at 1.9 ppm,
corresponding to the resonance frequency of the contrast agent pool (Larmor frequency), is considered. In Figure 5-
a, the changes in the CEST effect at resonance frequency are shown for different RF pulse widths as the chemical
exchange rate varies (800, 1000, 1200, and 1600 per second). As observed at all exchange rates, with an increase in
pulse width, the CEST effect increases. However, after a certain point, further increase in pulse width no longer
contributes to the increase in the CEST effect, and it starts to decrease before eventually stabilizing. This implies
that increasing the duration and width of the pulse will not further enhance the CEST effect.

In Figure 5-b, the optimal pulse width variations obtained from relation (10) are plotted against changes in the
chemical exchange rate at the resonance frequency of 1.9 ppm. Interestingly, the changes shown are nearly linear.

RF pulse duration at 1.9 ppm against exchange rate of the CEST pool CEST effect at 1.9 ppm for kind of labile exchange rates with various durations
225 T T ! ! , 0.16 - : : .
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E 215t £012r PRl A b dd AL AL LT T T T P
a g a4
@ 24k @ 0 ',o' "._,...--—chl-h-uu-ﬂn.---.oou-...“_
® 5  a
5 2.05| 5 0.08 ==Ksw=800s-1
g & Ksw=1000s-1
3 2l & 0.068- ~#Ksw=1200s-1 |
3 by - Kaw= -
2 105 3 0.04. = Kasw=1600s-1
[
* 19 0.02
1 BE," . . . . . . o \ \ .
00 800 1000 1200 1400 1600 1800 2000 0 1 2 3 4 5
Chemical exchange rate (s-1) RF pulse duration(s)
(a) (b)

Figure 5-a - Changes in the CEST effect at Larmor frequency (1.9 ppm) with different RF pulse widths for exchange rates of
800, 1000, 1200, and 1600 per second. Figure 5-b - Changes in RF pulse width at Larmor frequency for different chemical
exchange rates.

7. SUMMARY (DISCUSSION AND SUGGESTIONS)

This paper presents a solution for measuring chemical exchange rates, a critical factor in clinical and physiological
studies. Various methods have been suggested for this purpose so far [7, 10]. In one of these methods, San
successfully measured the exchange rate by assessing the RF pulse amplitude [10]. San showed that there is an RF
pulse amplitude that can maximize the CEST effect. Essentially, San proposed a method where by measuring the
optimal pulse amplitude and the maximum CEST effect at this optimal amplitude, the exchange rate could be
determined. However, San’s focus was on diamagnetic CEST agents, which have low to moderate exchange rates,
and did not account for the MT effect from the body’s macromolecules.

The focus of this study is on paramagnetic CEST agents, which have gained significant efficiency recently for
several reasons. Additionally, to ensure the study aligns more with real-body conditions, the MT effect was
mathematically modeled and analyzed. To achieve this, an accurate analytical definition of the CEST effect,
considering the destructive MT and direct saturation effects, was initially required. This analytical definition serves
as an objective function that is dependent on the RF pulse width. By deriving it with respect to time, an optimal
pulse width that maximizes the CEST effect was presented in a closed-form mathematical formula. This function is
well-defined, continuous, and differentiable at least within the study’s working range because it pertains to physical
values.

A noteworthy finding is the relatively linear dependence between the optimal RF pulse width and the chemical

exchange rate. Thus, similar to San, this paper claims it can measure the chemical exchange rate, with the difference
being that this study uses the RF pulse width rather than the pulse amplitude.
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To evaluate the claim made in this paper, two approaches are followed. First, the validity of the optimal pulse
width formula is checked by comparing it with results reported in other papers. Then, an attempt is made to compare
the actual chemical exchange rate with the estimated exchange rate (based on this paper). This comparison is fitted
into a quadratic equation, and a linear relationship is expected.

In the first evaluation step, by applying the Taylor series expansion of the logarithmic function in the pulse width
formula (equation 10), an approximate relationship is obtained. This approximation closely resembles Jin's relation

[9]. However, writing the Taylor expansion requires some considerations, particularly ensuring that the logarithmic
argument involves only limited changes.

Log(x)=—(1—-x)—(1-x)?/2—(1-x)3/3—... for0<x<?2 (11)

Assuming the conditions for the Taylor series hold, equation (10) will be transformed into equation (12).

, Reff+Rex—R Reff+Rex—R
tpopt|2 — pool, approximat = (L) (1 - efexT ey ZeffTRexTRayz (] —
! Rex| Reff—Ria- Reff—Ria

RefftRex—Ria\3
—_ —.. 12
I (12)

Assuming —1<1—x<1, it can be claimed that raising the terms of the Taylor series to higher powers will cause the
remaining terms to become smaller. Therefore, by considering only the first term, the approximate response of
equation (13) is obtained. It is worth mentioning that Jin had previously calculated the optimal pulse width in a two-
pool system, so equation (10) is written and approximated for the two-pool system.

; 1
tp,opt|2 — pool, approximat = Reff—_le (13)
In the execution of the second step of the evaluation, similar to San in [10], an attempt is made to establish a

relationship between the actual chemical exchange rate and the measured one based on this paper, using the least
squares (MSE) algorithm, and it is then fitted.

The estimated versus expected values of exchange rate
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Fig. 6. Evaluation of the measured chemical exchange rate based on equation (10) as a function of RF pulse width. The
estimated and actual chemical exchange rates are compared in the range of 1000 to 2000 seconds.

The fitting results of the obtained samples, based on the least squares algorithm, shown in Figure 6, indicate a
strong proximity to a straight line. Note that the value of 5 widths from the origin within the range of 1000 to 2000
is very negligible. The slope of the line is also very close to one with high precision.

ko, lestimated = — 2.5422 x 10~6k? +0.9996k gy exp ecteq — 5-1192

sw,exp ected

223



M. R. Rezaeian / Transactions on Machine Intelligence 4(4) (2021) 216-225

This section presents suggestions for continuing and enhancing this research. In this study, it was assumed that
the concentration of the contrast agent is known and fixed. It is suggested that a solution be provided to
simultaneously determine both the exchange rate and the concentration. Furthermore, all stages of this research were
based on simulation data, so it is recommended that, with the provision of suitable conditions for implementing
CEST imaging protocols on MRI scanners, the practical implementation of this algorithm be made possible.
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The data supporting this study are available upon reasonable request to the corresponding author, subject to ethical
and confidentiality considerations.
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