1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATTG,

O

Published in final edited form as:
Contrast Media Mol Imaging. 2013 ; 8(3): 246-251. doi:10.1002/cmmi.1524.

Simultaneous determination of labile proton fraction ratio and
exchange rate with irradiation radio frequency (RF) power
dependent quantitative CEST MRI analysis

Phillip Zhe Sun”, Yu Wang?, Gang Xiao?34, and Renhua Wu34"

1Athinoula A. Martinos Center for Biomedical Imaging, Department of Radiology, Massachusetts
General Hospital and Harvard Medical School, Charlestown, MA 02129, USA

2Department of Math and Applied Mathematics, Hanshan Normal University, Chaozhou,
Guangdong, China

3Department of Radiology, 2" Affiliated Hospital of Shantou University Medical College

4Provincial Key Laboratory of Medical Molecular Imaging, Shantou, Guangdong, China

Abstract

Chemical exchange saturation transfer (CEST) imaging is sensitive to dilute proteins/peptides and
microenvironmental properties, and has been increasingly evaluated for molecular imaging and in
vivo applications. However, the experimentally measured CEST effect depends on the CEST
agent concentration, exchange rate and relaxation time. In addition, there may be non-negligible
direct radio-frequency (RF) saturation effects, particularly severe for diamagnetic CEST
(DIACEST) agents due to their relatively small chemical shift difference from that of the bulk
water resonance. As such, the commonly used asymmetry analysis only provides CEST-weighted
information. Recently, it has been shown with numerical simulation that both labile proton
concentration and exchange rate can be determined by evaluating the RF power dependence of
DIACEST effect. To validate the simulation results, we prepared and imaged two CEST
phantoms: a pH phantom of serially titrated pH at a fixed creatine concentration and a
concentration phantom of serially varied creatine concentration titrated to the same pH, and solved
the labile proton fraction ratio and exchange rate per-pixel. For the concentration phantom, we
showed that the labile proton fraction ratio is proportional to the CEST agent concentration with
negligible change in the exchange rate. Additionally, we found the exchange rate of the pH
phantom is dominantly base-catalyzed with little difference in the labile proton fraction ratio. In
summary, our study demonstrated quantitative DIACEST MRI, which remains promising to
augment the conventional CEST-weighted MRI analysis.
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1. INTRODUCTION

Chemical exchange saturation transfer (CEST) MRI is sensitive to dilute CEST agents and
microenvironmental properties, and remains promising for molecular imaging and in vivo
applications (1-10). For instance, amide proton transfer (APT) MR, a variant of CEST MR,
has been applied to study diseases such as acute stroke, cancer and multiple sclerosis
(11-19). However, the commonly used CEST MRI analysis provides very crude information
about the underlying CEST system. Specifically, the CEST effect is sensitive to both the
labile proton ratio and exchange rate, and strongly depends on the experimental conditions
(20-23). As such, it is challenging to determine the CEST agent concentration and exchange
rate simultaneously, and simplification has to be made. For instance, in the case of APT
imaging of acute stroke, the apparent APT MRI contrast has been attributed to tissue
acidosis, while assuming negligible change in the endogenous amide proton content (19,24).
On the other hand, the APT contrast of cancerous tissue has been postulated to be dominated
by mobile proteins/peptides content change with negligible tissue pH variation (25).
Whereas such assumptions are likely to be valid as first order approximations, it will be very
useful to develop quantitative CEST MRI analysis to simultaneously determine the labile
proton ratio and exchange rate, which may better elucidate changes in the underlying CEST
system, and ultimately advance the field of quantitative CEST MRI.

Mathematical models, both empirical solutions and numerical simulations, have been
developed to describe the CEST effect, often calculated from the asymmetry analysis
(26-29). Notably, CEST effect strongly depends on the RF irradiation power (30,31). While
higher RF power level is more efficient in saturating labile protons, it also induces non-
negligible direct RF saturation (spillover) effect. The RF spillover effect could be
particularly severe for diamagnetic CEST (DIACEST) agents due to their relatively small
chemical shift difference from that of the bulk water. Therefore, for DIACEST agents
undergoing slow and intermediate chemical exchange, the CEST effect initially increases
with RF power but plateaus and subsequently decreases when RF power becomes too high.
Indeed, it has been shown with numerical simulation that the optimal RF power level
strongly depends on the chemical exchange rate but not the labile proton concentration (32).
It suggests that although different combinations of labile proton concentration and exchange
rate may yield approximately the same CEST effect for a given RF power level, it is
possible to differentiate their independent contribution by probing the RF power dependence
of CEST (RFP-CEST) MRI. To test this, we engineered two DIACEST phantoms: a pH
phantom with serially titrated pH at the same creatine concentration and a concentration
phantom of serially varied creatine concentration at identical pH. We acquired CEST MRI
under multiple RF power levels, and estimated the labile proton fraction ratio and exchange
rate using an empirical solution that takes experimental factors (i.e. labeling coefficient and
spillover factor) into account (30). The derived labile proton fraction ratio and exchange rate
were in good agreement with the phantom properties. In summary, our study demonstrated
quantitative DIACEST MRI, which remains promising to augment the conventional CEST-
weighted MRI analysis.
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2. RESULTS

We obtained CEST MRI from both pH and concentration phantoms under different RF
irradiation levels. For the pH phantom, creatine concentration was 60 mM while their pH
was serially varied from 5.99 to 7.24. Fig. 1 a shows CEST images obtained under three
representative RF power levels, 0.5, 0.8 and 1.8 uT. Notably, at weak RF irradiation (i.e. 0.5
UT), CEST effect for pH compartments of 6.48 and 6.75 was slightly stronger than that of
higher pH compartments. The CEST effect increased for By of 0.8 uT and was
approximately the same for pH compartments of 6.75, 7.02 and 7.24. The CEST effect
further increased when B was 1.8 UT, with the compartment of pH 7.24 showing the
highest CEST effect. For the concentration phantom, the creatine concentration was serially
varied from 20 to 100 mM while their pH was titrated to 6.75 (Fig. 1 b). Interestingly, CEST
effect increased consistently with creatine concentration for all three RF amplitudes. This is
different from that of the pH phantom, where the maximum CEST effect of the highest pH
was not achieved until higher RF amplitude was used. This is because the saturation
efficiency strongly varies with the ratio of the RF irradiation amplitude and exchange rate,
less dependent on the labile proton concentration (32,33). Because the creatine amine proton
exchange is dominantly base-catalyzed, it takes relatively strong RF irradiation to saturate
labile protons undergoing faster chemical exchange at higher pH. While on the other hand,
the exchange rate was the same for the concentration phantom, and CEST effect simply
scaled with creatine concentration.

We measured phantom T4 and T, (Fig. 2). For the pH phantom, R4y, showed very little
change with pH, which can be described by linear regression —0.000726*pH + 0.335 571
(R2=0.156, P>0.50). Ry, increased exponentially with pH, suggesting base-catalyzed amine
proton chemical exchange (R?=0.972, P=0.01). For the concentration phantom, both Ry,
and Ry, can be described by linear regression, with R1,,=9.52*1075*f + 0.332 (R2=0.918,
P=0.01) and R,,,=0.00377*f + 0.499 (R?=0.938, P<0.01), where f is creatine concentration
in mM. Note that the change of Ry, with pH and creatine concentration was significantly
stronger than that of Ry, consistent with the findings of Aime et al. (34) In addition, the
bulk water T,y and Ty, can be obtained by extrapolating the relaxation measurements with
respect to the creatine concentration, being 3.0 s and 2.0 s, respectively.

The empirical solution can describe B1-dependent CEST effect for both pH and
concentration phantoms. For the pH phantom, the CEST effect initially increased with RF
amplitude but peaked and subsequently decreased for higher RF amplitudes (Fig. 3 a). The
fitting agreed well with the experimental measurements (R2=0.998). In addition, Fig. 3 b
shows that the optimal RF amplitude significantly increased with pH (R?=0.992, P=0.03).
The empirical solution can also describe the B, dependence of CEST measurements from
the concentration phantom (R?=0.998, Fig. 3 c). Notably, Fig. 3 d shows that the optimal RF
amplitude had little dependence on the CEST agent concentration (R2=0.762, P>0.05). This
suggests that the optimal RF irradiation level depends on the exchange rate but not the labile
proton ratio, consistent with findings obtained from numerical simulation (32).

Fig. 4 shows the numerically derived labile proton ratio and exchange rate maps. For the pH
phantom, the labile proton fraction ratio (Fig. 4a) had very little change while the exchange

Contrast Media Mol Imaging. Author manuscript; available in PMC 2014 May 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Sunetal.

Page 4

rate (Fig. 4b) increased exponentially with pH. For the concentration phantom, the labile
proton ratio (Fig. 4c) increased significantly with the creatine concentration while there was
very little change in the exchange rate (Fig. 4 d). The pixel-wise fitting took approximately 5
s using a Dell Precision T7400 desktop computer. The labile proton ratio and exchange rate
were evaluated as functions of pH and creatine concentration (Fig. 5). For the pH phantom,
the labile proton fraction ratio was 0.00142 + 1.53x10™4 (mean %S.D.) with little change
with pH (R2=0.603, P>0.12). The exchange rate can be described by a base-catalyzed
exchange relationship, (i.e., kg,=0.0435+ 0.189*10(PH-3.764) 'R2=0 996, P<0.03). For the
concentration phantom, the labile proton fraction ratio was f,=2.04*107%*f + 1.22*1074
(R2=0.994, P<0.01). Notably, the intercept was not significantly different from 0 (P>0.12),
suggesting good linear relationship between the numerically derived labile proton ratio and
creatine concentration. In addition, the exchange rate showed very little variation with
creatine concentration, being 169 + 18 s™1 (R2=0.0903, P>0.60). It is important to point out
that the fitting results were in good agreement, despite that phantoms were measured
separately. The labile proton fraction ratio from the concentration phantom of 60 mM was
0.00131 + 8.54x 107°, in agreement with that of the pH phantom (i.e. 0.00142+1.53x107%).
In addition, the exchange rate for the pH compartment of 6.75 was 177+13 s™1, in excellent

agreement with the exchange rate derived from the concentration phantom, being 169+18
-1
s

3. DISCUSSION

Our study demonstrated that RF power-dependent DIACEST MRI analysis is capable of
simultaneously determining the labile proton fraction ratio and exchange rate, augmenting
the conventional CEST-weighted image analysis. Indeed, there is an unmet biomedical need
of delineating pH/exchange rate from the contrast agent concentration, particularly useful
for quantitative molecular imaging. Notably, Dixon et al. demonstrated that for
paramagnetic CEST (PARACEST) agents, the chemical exchange rate can be determined
independent of the CEST agent concentration, and dubbed it omega plot (35). Whereas it
provides accurate quantification of PARACEST agents due to their large chemical shift
from the bulk water resonance and hence negligible concomitant RF spillover effects, the
use of omega plot is somewhat limited for DIACEST agents because of their relatively small
chemical shift. This is because without correction of RF spillover effects, the omega-plot
analysis treats direct RF saturation as the CEST effect, resulting in gross overestimation of
labile proton ratio and exchange rate. As such, our study complements the omega plot
analysis for quantifying DIACEST MRI. In addition, ratiometric CEST MRI has been
proposed to normalize the CEST agent concentration factor for solving chemical exchange
rate (9,36,37). However, it only applies to CEST agents with multiple chemically
distinguishable labile protons, which the proposed qCEST analysis here does not require.

The effect of RF irradiation power upon CEST measurement has been increasingly
recognized. Whereas the RF spillover effect has often been considered as an adverse effect,
we showed that the RF power dependence of CEST MRI might serve as a useful parameter
for improved quantification of the underlying CEST system. Specifically, the RF labeling
coefficient depends on the ratio of RF irradiation amplitude and exchange rate. Therefore,
when weak B field is used, the saturation coefficient is higher for slower chemical
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exchange and hence stronger CEST effect than that from faster chemical exchange rate.
While on the other hand, for strong B; field, the saturation efficiency continues to increase
for faster chemical exchange rate while it plateaus for slower chemical exchange rate.
Hence, the CEST effect continues to increase for faster chemical exchange rate while that of
the slower exchange peaks and subsequently decreases due to increasing direct RF
saturation at high B4 irradiation level. As such, it is necessary to include both weak and
strong RF power levels when quantifying the underlying CEST system. Whereas we used
fourteen B levels in our analysis, we found that the labile proton ratio and exchange rate
can be reasonably estimated with three or four B4 levels, provided that both weak and strong
RF levels were included. It is important to note that numerical simulation shows that qCEST
MRI analysis requires precise measurement of Ty, and Tay, (32). This is because RF
spillover effect decreases at long To,. Therefore, if T, is overestimated, the spillover factor
will be under-corrected, resulting in an underestimated exchange rate and overestimated
labile proton ratio. On the other hand, Ty, relaxation competes with saturation transfer, and
for the same exchange rate, less B, field is needed for higher T,,y. Therefore, if Ty, is
overestimated, the exchange rate will be overestimated and the labile proton ratio
underestimated. In addition, when long RF irradiation is used, the effects of labile proton T,
and T (i.e. T1s and T,g) upon the numerical solution were minimal. Nevertheless, our study
demonstrated that accurate relaxation measurement could be obtained with well-established
experimental protocols.

We also analyzed the precision of the proposed qCEST MRI analysis. The coefficient of
variance was calculated using the labile proton ratio estimated from the pH phantom (i.e.
0.00142 + 1.53x1074) and the chemical exchange rate derived from the concentration
phantom (i.e. 169 + 18 s71), both being about 11%. Whereas field homogeneity was
reasonably good in our system and no field correction was necessary, the measurement
might benefit from rigorous field correction approaches (38,39). However, this may
significantly prolong the scan time, as images at multiple offsets have to be acquired for
each RF power level, which is beyond the scope of our current work. This may be partially
addressed with the ongoing development of sensitive and optimized CEST acquisition
strategies (40-43). It is necessary to point out that further study is needed to evaluate
whether the proposed approach can be extended to characterize CEST systems containing
multiple exchangeable sites (27,28). For instance, in addition to amide proton exchange, the
endogenous APT MRI may be susceptible to CEST effect from amine and hydroxyl groups
(10,24). In addition, there are concomitant macromolecular magnetization transfer (MT)
effects in vivo (44,45). Recent data have suggested that the MT contribution may be
reasonably compensated by Lorentzian fitting and/or chemical exchange rotation transfer
(CERT) MRI, which will be evaluated in our future work (46,47). Nevertheless, to the best
of our knowledge, our study here is the first to demonstrate simultaneous pixel-wise
mapping of labile proton ratio and exchange rate from DIACEST MRI, complementing the
conventional CEST-weighted analysis.

4. CONCLUSIONS

Our study demonstrated that both the labile proton fraction ratio and exchange rate maps
could be simultaneously determined from analyzing the RF power dependence of DIACEST
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MRI measurement. Therefore, quantitative CEST analysis is feasible and remains promising
to augment the commonly used yet oversimplified DIACEST MRI analysis for improved
definition of the underlying CEST system.

5. METHODS

PHANTOM

MRI

CEST phantoms were prepared with creatine and phosphate buffer solution (PBS, Sigma
Aldrich, St Louis, MO), as described previously (48). For the pH phantom, pH was serially
titrated to 5.99, 6.48, 6.75, 7.02 and 7.24 (EuTech Instrument, Singapore), while the creatine
concentration was fixed to 60 mM. For the concentration phantom, we serially diluted the
creatine concentration from 100, 80, 60, 40 to 20 mM, and titrated their pH to 6.75 within
0.01. The solution was transferred into centrifuge tubes, sealed and inserted into two
phantom containers. The containers were then filled with 1% low gelling point agarose
solution to fixate the creatine-PBS tubes.

Phantoms were imaged separately at 4.7 Tesla with a standard volume RF resonator (Bruker
Biospec, Billerica, MA) under the room temperature of approximately 20°C. Images were
obtained with single-shot echo planar imaging (EPI). We chose a slice thickness of 5 mm,
field of view (FOV) of 76 x 76 mm and imaging matrix of 64 x 64 with an EPI acquisition
bandwidth of 200 kHz. We acquired 3-point CEST imaging with continuous wave (CW) RF
irradiation applied at £1.875 ppm (£ 375 Hz at 4.7 Tesla), in addition to a control scan
without RF irradiation (repetition time (TR)/echo time (TE)=22,000/28 ms, time of
saturation (TS) =10,000 ms, number of average (NSA)=2). CEST effect was calculated from
CEST ratio (CESTR), being (Iref — liabet)/1o, Where It and ljanes are the reference and label
scans, respectively, and Iy is the control scan. The RF power level was systematically varied
from 0.3 to 3 uT: from 0.3 to 1 uT with an increment step of 0.1 uT, followed by 1.25, 1.5,
1.75, 2, 2.5 and 3 uT. In addition, T1-weighted images were acquired using an inversion
recovery sequence with eight inversion intervals (T1) from 250 to 10,000 ms (recovery
time/TE =12,000/28 ms, NAE=2). T, map was derived from five separate spin echo images
with TE ranging from 50 to 500 ms (TR=12,000 ms, NSA=2)(49). The By map was obtained
by acquiring four asymmetrical spin echo (ASE) phase images with off-centered echo time
being 1, 3, 5and 7 ms (TR/TE=12,000/36 ms, NSA=2). The B; field was calibrated by
varying the pre-pulse flip angle (6) from 10° to 180°, with intervals of 10° (TR/
TE=12,000/28 ms, NSA=2).

Data Processing—Data were processed in Matlab (Matheworks, Natick, MA). The CEST
effect was described using the empirical solution (30):
fr : ksw

CESTR:7R1w+fI. " ca-(1-0) @

where a is the labeling coefficient, o is the spillover factor, kg, is the chemical exchange
rate from labile protons to bulk water, f; is labile proton fraction ratio with respect to bulk
water proton, and Ry, is bulk water longitudinal relaxation rate (20,31). The labeling
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(2myBy)?
coefficient is given by p- q+(2mB1)2' where By is the irradiation RF amplitude and v is
Kowkus Kswkus

the gyromagnetic ratio, P=r2s — and 4=T1s — T in which ks = fi-ksyy (20).
w w

Moreover, ryy s=R1 wstKws sw and ray s=Row stKws sw, respectively. In addition, the

spillover factor is equal to

1w [ Riwl2sc0820+Riskys cos 6 cos® (0/2) RiTas cOs? 0

Kuws Towlzs — Kysksweos? (6/2) B owl2s — Kwsksw Sin2 6 \Where rzy, =
r1wC0S20/2+15,SIN20/2, Iy = 15C0520+155IN%0, 6 = tan~1(2rtyB1/Aws) and Aws is the labile
proton chemical shift (50). For the numerical fitting, T,y and T,,, were derived from
extrapolation of the experimental measurements as a function of creatine concentration,
found to be 3.0 s and 2.0 s, respectively. In addition, we assumed T15 and Tyg to be 1.0 s and
15 ms. Two free parameters (i.e. labile proton fraction ratio and exchange rate) were
obtained pixel-wise from the least squares fitting of the empirical solution (Eq. 1). To
minimize the bias of the initial guess, we chose identical initial guesses of labile proton
fraction ratio and exchange rate for all pixels, being 1:1000 and 200 s™1, respectively. In
addition, the lower and upper limits for labile proton fraction ratio were 1:2500 and 1:250
while the lower and upper limits for the exchange rates were 10 and 1000 s™1, respectively.
The maximal number of iteration was set to be 10,000 times. The pixel-wise fitting took
approximately 5 min for each phantom using a Dell Precision T7400 desktop computer.
Moreover, the Bg map was derived by linearly fitting the obtained phase map (¢) against the

2
off-centered echo time (At) using B0:7 A+ The magnetic field was reasonably

homogeneous, with B field map being 5 + 5 Hz and 2 + 4 Hz for the pH and concentration
phantoms, respectively. Bq field was solved by fitting the image intensity using 1(8) = I -
Icos -y - (n-B1 + AB;)-tl, where 1y and AB1 are the scaling factor and offset of the B field,
respectively, and © is the flip angle. We found AB;=-0.21 and n=1.02. The calibrated RF
power level was 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,0.8, 1.0, 1.3, 1.5, 1.8, 2.3 and 2.7 uT. The By
inhomogeneity for the volume RF coil has been found to be within 5 %. Because both By
and B fields were reasonably homogeneous, no field correction for CEST MRI was
necessary (38,39).
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Fig. 1.
RF power level-dependent CEST images. a) CEST images calculated from the asymmetry

analysis show that the CEST effect for each pH sample increases with RF power (Cr= 60
mM). b) CEST effect increases with creatine concentration and RF power (pH= 6.75).
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Relaxation measurements of the pH and concentration DIACEST phantoms. a) Ry, for the
pH phantom shows very little change with pH. b) Ry, for the pH phantom increases
exponentially with pH, suggesting base-catalyzed chemical exchange. c) Ry, for the
concentration phantom shows very little yet significant change with the creatine
concentration. d) Ry, of the concentration phantom increases approximately linearly with

creatine concentra

tion.
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Fig. 3.
Description of RF power level-dependent CEST effect. a) The empirical solution describes

the RF power dependent CEST effect of the pH phantom. b) The optimal RF power level
increases with pH. ¢) The RF power dependence of CEST effect of the concentration
phantom can also be described by the empirical solution. d) The optimal RF power level
shows little change with the creatine concentration.
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Fig. 4.
Mapping the labile proton fraction ratio and exchange rate. a) The labile amine proton

fraction ratio map for the pH phantom. b) The exchange rate map for the pH phantom. c)
The labile proton ratio map for the concentration phantom. d) The exchange rate map for the
concentration phantom.
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Fig. 5.
Comparison of the derived labile proton ratio and exchange rate. a) For the pH CEST

phantom, the labile proton fraction ratio shows little change with pH (R2=0.603, P>0.12). b)
The exchange rate increases exponentially with pH (R?=0.996, P<0.03). c) For the
concentration phantom, the derived labile proton fraction ratio increases linearly with
creatine concentration (R?=0.994, P<0.01). d) The chemical exchange rate shows very little
change with the creatine concentration (R2=0.0903, P>0.60).
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