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Purpose: Chemical exchange saturation transfer MRI can provide accurate pH im-
ages, but the slow scan time (due to long saturation periods and multiple offsets 
sampling) reduce both the volume coverage and spatial resolution capability, hence 
the possibility to interrogate the heterogeneity in tumors and organs. To overcome 
these limitations, we propose a fast multislice CEST-MRI sequence with high pH 
accuracy and spatial resolution.
Methods: The sequence first uses a long saturation pulse to induce the steady-state 
CEST contrast and a second short saturation pulse repeated after each image acquisi-
tion to compensate for signal losses based on an uneven irradiation scheme combined 
with a single-shot rapid acquisition with refocusing echoes readout. Sequence sensi-
tivity and accuracy in measuring pH was optimized by simulation and assessed by in 
vitro studies in pH-varying phantoms. In vivo validation was performed in two ap-
plications by acquiring multislice pH images covering the whole tumors and kidneys 
after iopamidol injection.
Results: Simulated and in vivo data showed comparable contrast efficiency and pH 
responsiveness by reducing saturation time. The experimental data from a homoge-
neous, pH-varying, iopamidol-containing phantom show that the sequence produced 
a uniform CEST contrast across slices and accurate values across slices in less than 
10 minutes. In vivo measurements allowed us to quantify the 3D pH gradients of 
tumors and kidneys, with pH ranges comparable with the literature.
Conclusion: The proposed fast multislice CEST-MRI sequence allows volumetric 
acquisitions with good pH sensitivity, accuracy, and spatial resolution for several in 
vivo pH imaging applications.
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1  |   INTRODUCTION

The CEST mechanism is based on the selective saturation 
of low-concentration endogenous or exogenous proton pools 
in exchange with water. During the exchange, saturated 
magnetization is transferred to water, and the resulting re-
duction in water signal allows the indirect detection of the 
CEST agent.1,2 The CEST effect depends on different envi-
ronmental and molecular factors, including labile proton con-
centration and exchange rate, and parameters that affect the 
exchange rate itself, such as pH and temperature.3-5 Several 
studies have investigated the CEST technique in clinical ap-
plications such as oncology,6-11 brain imaging,12-15 measure-
ments of metabolites in muscles16-18 and glycosaminoglycans 
in knees and tendons,19,20 and pH measurements in the blad-
der.21 Among the multiple data that the CEST approach can 
provide, measurement of tissue pH has emerged as a poten-
tial marker of pathological conditions.22 Iopamidol, an X-ray 
contrast agent, has been used extensively to image tumor aci-
dosis and perfusion,23-30 to asses kidney pH evolution both in 
healthy and pathological conditions,31-35 and for measuring 
cartilage pH.36

However, long imaging times caused by multi-offsets 
sampling and long saturation pulses limit the CEST-MRI 
technique to single-slice acquisitions that may not fully inter-
rogate the spatial heterogeneity of tumors37 or other organs,27 
thus limiting the functional information that can be provided. 
Therefore, fast volumetric readouts have been developed for 
the CEST-MRI approaches to provide similar volume cov-
erage as with other MRI-based techniques.38 At the clinical 
level, especially for brain imaging, CEST volumetric acqui-
sition has been developed using both multislice39,40 and 3D 
approaches.41-50 Radiofrequency saturation has been accom-
plished using both continuous block pulses40,42,51 and train of 
pulses,25,39,41,43,46-49,52 which showed comparable saturation 
efficiency. Several fast acquisition schemes have been pro-
posed: gradient echo (GRE),39-41,45,47-49 turbo spin echo,42,50 
gradient spin echo–based approaches,45 as well as Echo-
Planar Imaging (EPI) approaches,43,46 both at low and high 
field. The GRAPPA technique,46,47,49 compressed sensing,42 
SENSE,43,45,50,51 keyhole,53 and other acceleration strategies, 
including fingerprinting,54 have been used to further reduce 
acquisition time. A great part of these approaches has been 
implemented by major MRI scanner providers with several 
advantages when compared with single-slice acquisitions, 
but with potential limitations. Multislice acquisitions suffer 
from inherent contrast losses along the slices due to signal 
recovery, whereas 3D acquisitions often require dedicated 
hardware for parallel imaging to speed up the acquisition.

Conversely, at the preclinical level, only a few multislice 
CEST sequences have been investigated and implemented on 
preclinical MRI scanners to provide whole-volume coverage. 
Conventionally, CEST imaging is implemented using a long 

irradiation period, followed by a fast readout scheme. Sun 
et al associated a long saturation period with an EPI read-
out and compensated for T1-related signal losses along slices 
during the postprocessing.55 Dixon et al, instead, described 
a GRE-based acquisition scheme repeated after a very short 
saturation for the acquisition of every slice.56 Combining 
the previously described approaches, Sun et al proposed an 
unevenly segmented saturation period and single-shot EPI 
readout.57 Moreover, a CEST fast imaging with steady-state 
free precision (FISP) phase-offset multiplanar (POMP) ac-
quisition protocol that allows the simultaneous acquisition 
of several slices has been presented recently.37 All previous 
approaches have been applied successfully in vivo, but some 
limitations are evident: the FISP and EPI readouts are prone 
to image artifacts and distortion, whereas the POMP tech-
nique suffers from phase-encoding artifacts and is affected 
by B0 inhomogeneities.58 Moreover, all approaches generally 
show a lower SNR compared with other fast readouts, such as 
those based on spin echo or fast spin echo.59

In this work, we developed a new CEST sequence for 
rapid and volumetric acquisition to measure pH in organs. As 
previously done in Sun et al,57 we propose a multislice acqui-
sition based on the segmentation of the irradiation scheme in 
a long primary saturation period that introduces the steady-
state CEST contrast followed by a short secondary satura-
tion period that recovers the saturation loss due to T1 and 
T2 relaxations before each slice acquisition. We exploited a 
single-shot rapid acquisition with refocusing echoes (RARE) 
scheme, due to the expected higher SNR and lower artifacts. 
With the aim of reducing the acquisition time but still pre-
serving a good CEST contrast, we investigated different 
saturation parameters and conditions. In addition, we com-
pared the optimized proposed sequence with a single-slice 
CEST-MRI scheme, in terms of CEST contrast homogeneity 
along the slices. Furthermore, we validated the accuracy of 
the optimized sequence to measure pH in vitro and evaluated 
the capability of assessing in vivo pH heterogeneity in two 
representative tissues: kidneys and tumors.

2  |   THEORY

2.1  |  Sequence design

The two investigated sequence schemes based on a RARE 
readout are shown in Figure 1. Figure 1A shows a conven-
tional single-slice sequence, and Figure 1B shows the pro-
posed multislice sequence. Single-slice CEST sequence 
contains a long continuous-wave irradiation block pulse of 
duration TS and amplitude B1, followed by a single-shot 
RARE readout. The multislice CEST sequence combines 
the uneven saturation scheme described in Sun et al57 with 
a RARE acquisition readout. The magnetization-transfer 
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module is unevenly segmented in two periods: a long primary 
RF irradiation block pulse of duration TS1, which generates 
the steady state, and multiple short repetitive secondary RF 
pulses of duration (TS2) applied immediately after each slice 
acquisition, which restore the saturation.

The total scan time for every frequency offset can be cal-
culated as

and

for the conventional and proposed scheme, respectively, where 
Tr is the presaturation delay, NA/NS is the number of averages/
slices, and Tread is the readout time.

The proposed fast multislice CEST-MRI RARE-based se-
quence was implemented on three different Bruker ParaVision  

versions (5.1, 6.0 and 360), and the implemented code is avail-
able on request to the corresponding author.

2.2  |  Parameter simulation/selection of 
optimal saturation conditions for iopamidol

Iopamidol CEST spectra were numerically simulated using a 
numerical Bloch-McConnell equation solver as described in 
Zaiss et al.60,61 The Bloch-McConnell system consisted of six 
pools: water and semisolid magnetization-transfer pool and 
four CEST pools of iopamidol. The water and magnetization-
transfer pool parameters were chosen as tissue-like exchange 
rates for iopamidol, and chosen for a physiological condition 
at pH 7.1.62 Detailed Bloch simulation parameters are given 
in Table 1. The RARE readout was emulated by assuming the 
initial magnetization before the saturation block to be small: 
Mz = 0.1*M0. Outgoing from a continuous block pulse 

(1)t=NA × NS × (Tr+TS+Tread)

(2)t=NA×
(

Tr+TS
1
+NS×

(

TS
2
+Tread

))

F I G U R E  1   Comparison of the conventional 2D sequence and the proposed 3D multislice sequence. A, The 2D conventional sequence 
includes a long saturation module followed by a fast rapid acquisition with refocusing echoes (RARE) readout. The sequence is iterated for each 
frequency offset and for the number of slices. B, The 3D multislice sequence segments the RF irradiation in a long saturation period and a short 
repetitive period. The long irradiation is repeated only when the offset changes.
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(number of pulses N = 1) of duration 5 seconds, the B1 was 
manually optimized to yield strong CEST effects for both 
the 4.3-ppm and the 5.5-ppm resonance. With the optimal 
B1 fixed, the duration of the saturation (TS) was optimized. 
These two steps were repeated until convergence. Moreover, 
the influence of different T1 for each B1 and TS combinations 
was investigated. The T1 ranged from 1, 1.2, 1.5, 2, to 3, ac-
cording to expected in vivo T1 values.63-65

3  |   METHODS

Phantom experiments using iopamidol solutions at several 
pHs and concentrations values were prepared to test the 
proposed sequence. Single-slice and multislice acquisitions 
were performed in the same sample to compare different 
acquisition strategies. In vivo experiments in healthy and 
tumor-bearing mice were performed to evaluate the simu-
lated saturation parameters and for validating the proposed 
sequence for whole-organ acquisition and pH imaging.

3.1  |  Phantoms

Two iopamidol-containing phantoms were used: one (phan-
tom #1) containing 30-mM iopamidol solution titrated at  
pH 6.7, and the other (phantom #2) containing seven vials of 
30-mM iopamidol solution dissolved in phosphate-buffered 
saline 1× with pH in the range of 5.5-7.9. For both phantoms, 
gadolinium was added to adjust the T1 to 1.5 seconds and  
1.9 seconds for phantoms #1 and #2, respectively (Supporting 
Information Figure S1).

3.2  |  Cell culture

A murine, metastatic mammary carcinoma 4T1 cell line was 
used for the in vivo experiments. Cells were grown in Roswell 
Park Memorial Institute 1640 medium containing 10% (vol/vol)  
fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL 
streptomycin. Roswell Park Memorial Institute 1640 medium, 
fetal bovine serum, and trypsin were purchased from Lonza 
(Verviers, Belgium). The penicillin-streptomycin mixture 

was purchased from Sigma Chemical (St. Louis, MO). Cells 
were incubated in 75-cm2 flasks in a humidified 5% CO2 
incubator at 37°C. At confluence, 4T1 cells were detached 
by adding 1 mL of trypsin–ethylene diamine tetraacetic acid 
solution (0.25% [wt/vol] trypsin/0.53 mM ethylene diamine 
tetraacetic acid).

3.3  |  Animal model

All animal procedures and husbandry were performed in ac-
cordance with European guidelines under directive 2010/63 
and under the approval of the Italian Ministry of Health. All 
mice were purchased from Envigo (San Pietro al Natisone, 
Italy) and housed in a temperature-controlled room with a 
12-hour light/12-hour dark schedule and fed with autoclaved 
chow and water ad libitum. The in vivo imaging studies were 
performed on two cohorts of animals based on tumor or kid-
ney imaging acquisition. In the first group, 8-to-10-week-
old female Bagg albino mice (Charles River Laboratories 
Italia, Calco, Italy) were subcutaneously inoculated into both 
flanks with 4.0 × 105 4T1 cells, and imaging acquisition was 
performed when tumors reached 5-7 mm in diameter. The 
second group of animals included 8-to-10-week-old male 
healthy Bagg albino mice for imaging of kidneys.

During the MRI experimental setup, mice were main-
tained under systemic anesthesia provided by the mixture of 
tiletamine/zolazepam 20 mg/kg (Zoletil 100; Virbac, Milan, 
Italy) and xylazine 5 mg/kg (Rompum; Bayer, Milan, Italy), 
injected intramuscularly.

3.4  |  Pulse sequence

3.4.1  |  Saturation parameter optimization

The proposed multislice sequence and optimal parameters 
were validated experimentally in terms of CEST contrast 
and pH sensitivity by testing different saturation conditions 
(saturation power levels and secondary saturation times or 
TS2). Primary pulse duration (TS1) was fixed to 3 seconds. 
Saturation-pulse power levels were varied among 3.5, 3.0, 
and 2.5 µT, and two different TS2 of 1 and 0.5 seconds were 

T A B L E  1   Tissue-like Bloch-McConnell simulation parameters for a iopamidol fraction of 30 mM/111 M = 1/3700 at pH = 7.1

Water pool MT pool Iopamidol 1 Iopamidol 2 Iopamidol 3 Iopamidol 4

Chemical shift 0 ppm −2.6 ppm 5.5 ppm 4.3 ppm 1.8 ppm 0.8 ppm

Fraction f 1 0.05 1/3700 2/3700 1/3700 4/3700

R1 0.5 Hz 0.5 Hz – – – –

R2 28 Hz 109 890 Hz 66.66 Hz 66.66 Hz 66.66 Hz 66.66 Hz

Exchange rate 40 Hz 1200 380 1104 1715

Abbreviation: MT, magnetization transfer.
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selected for each power level. Z-spectra were acquired on 
phantom #2 with RF irradiation applied at 181 frequency 
offsets unevenly distributed from −10 to 10 ppm relative 
to the water signal at 7 T and 310 K. Other parameters of 
the imaging protocol were TR = 11 256 ms, TE = 3.87 ms,  
matrix = 64 × 64, FOV = 30 × 30 mm2, slice thickness = 
1.5 mm, slice gap = 0 mm, and number of slices = 8. Partial 
Fourier sampling was also considered, with a partial Fourier 
sampling Factor (PFF) of 1.6.

3.4.2  |  Single-slice and multislice 
approach comparison

The in vitro performance of the proposed optimized scheme 
was validated by comparison with a conventional single-slice 
acquisition sequence with the same readout. All images were 
acquired at 7 T on phantom #1. For the multislice sequence, 
the following parameters were used: B1 = 3 µT, TS1 = 3 sec-
onds, TS2 = 1 second, TR/TE = 11 256/3.87 ms, matrix = 
64 × 64, FOV = 30 × 30 mm2, number of slices = 8, slice 
thickness = 1.5 mm and PFF = 1.6, resulting in a readout 
duration of 157 ms per slice. Acquisition with the single-slice 
sequence was done for comparison with the following pa-
rameters: B1 = 3 µT, TS = 5 seconds, TR = 6000 ms, TE =  
3.49 ms, matrix = 64 × 64, FOV = 30 × 30 cm2, slice thick-
ness = 1.5 mm, and PFF = 1. Eight contiguous slices were 
collected sequentially from bottom to top, iterating the use 
of the sequence along the z-direction, to cover the entire vol-
ume of interest. For both the sequences, a multi-offsets pro-
tocol of 181 frequencies distributed in the range of −10 to 
 10 ppm relative to the water resonance was applied. Acquired 
Z-spectra were compared for both sequences, and the calcu-
lated CEST contrast along the slices was also evaluated. The 
two sequences were also compared in terms of CEST con-
trast-to-noise ratio, calculated as the ratio between the CEST 
contrast and CEST contrast SD.

3.4.3  |  Pulse sequence validation

Sequence stability along slices and accuracy to measure pH 
were validated in vitro on phantom #2 at 7 T and 310 K, using 
the previously described parameters.

3.5  |  Magnetic resonance imaging in vivo 
experiments

All images were acquired at 7 T. The parameters of B1 = 3 µT,  
TS1 = 3 seconds, and TS2 = 1 second were selected for the 
saturation module. The image matrix was 64 × 64 for a FOV 
of 30 × 30 mm2, with a slice thickness of 1.5 mm and eight 

slices. Other acquisition parameters were PFF = 1.6, TR = 11 
256 ms, and TE = 3.87 ms.

For 3D in vivo CEST experiments, mice were anesthetized 
as previously reported, and a tail vein catheter for iopami-
dol injection was placed. The respiratory rate was monitored 
using an air pillow (SA Instruments, Stony Brook, NY). After 
the acquisition of scout images and a T2-weighted anatomical 
reference image, Z-spectra before and after iopamidol injec-
tion (dose: 4 g iodine/kg body weight for tumor pH imaging 
and 1.5 g iodine/kg body weight for kidney pH imaging, re-
spectively) were acquired and analyzed to calculate the 3D 
pH maps. For each CEST acquisition, 46 frequency offsets 
were acquired by varying the center frequency of the CEST 
RF pulse from −10 to 10 ppm with respect to the water signal.

3.6  |  Data analysis

All data were processed using custom-written scripts in 
MATLAB R2015b (MathWorks, Natick, MA).

For CEST analysis, images were elaborated as described 
in Terreno et al.66 Briefly, a smoothed splines algorithm was 
used to interpolate the Z-spectrum. The corresponding B0 
field shifting was calculated as the distance of the minimum 
of the interpolated spectrum from 0 ppm. To correct the B0 
inhomogeneity effect, the minimum position was exploited 
to shift the offset axis, and the new corrected spectrum was 
calculated by cubic smoothing spline interpolation using the 
shifted offsets vector as input. The CEST contrast was quanti-
fied at a specific offset, using the asymmetry analysis:

where S±Δω is the water signal intensity in the presence of a 
saturation pulse at offset ±Δω (ie, Δω = 4.2/5.5 ppm for io-
pamidol). Ratiometric values were calculated by dividing the 
different contrast values obtained at the two different offsets, 
according to the following equation:

Voxel-wise pH maps were obtained by extrapolating 
the pH values from the previously obtained ratiometric 
curves.27 For the in vivo images, difference CEST con-
trast maps (ΔST) were calculated at 4.2 ppm and 5.5 ppm 
as the difference between the saturation-transfer contrast 
after and before iopamidol injection on a voxel-wise basis, 
to retain the CEST signals arising only from the contrast 
agent and to eliminate CEST endogenous contributions. A 
threshold value of 1% was set, based on the scanner sig-
nal fluctuations, to discriminate between enhancing and 

(3)ST=
S−Δ�−SΔ�

S−Δ�

(4)RST =
ST4.2 ppm

ST5.5 ppm

.
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nonenhancing pixels following iopamidol injection. From 
the ΔST maps at the two frequencies, the corresponding pH 
maps were then calculated.

4  |   RESULTS

4.1  |  Segmented multislice sequence

The sequence schemes for the single-slice and the multi-
slice acquisitions are depicted in Figure 1. The conven-
tional single-slice sequence based on a centric-encoded 
RARE readout includes three periods: relaxation recov-
ery, RF irradiation, and single-shot fast spin-echo acquisi-
tion. Even when using fast single-shot image acquisition 
schemes, multislice images can only be obtained with very 
long acquisition times due to the repeated saturation pe-
riods for each offset and slice. In contrast, the proposed 
sequence exploits an identical fast single-shot RARE read-
out, but the saturation module is split into two parts with 
different durations: the first based on a longer saturation 
period and the second on a shorter one, repeated before 
each slice acquisition. Because the slices are acquired just 
after the second short saturation pulse rather than follow-
ing each long first saturation period, the total scan time for 
the whole organs is dramatically reduced.

4.2  |  Optimization and validation of 
saturation parameters

In Figure 2, tissue-like Bloch-McConnell simulations for  
iopamidol are shown. The inclusion of direct water saturation 
and semisolid magnetization-transfer background leads to a 
relatively low optimal saturation power of 3 µT to yield strong 
CEST effects for both resonances (Figure 2A,E,I). Moreover, 
at this power level, the CEST effects for both resonances al-
ready decrease for saturation durations longer than 3 seconds, 
and for a saturation period longer than 0.5 seconds, is still 
greater or equal to 75% of the effect at 10 seconds of satura-
tion (Figure 2B,F,J). Therefore, by using optimized B1, only  
3 seconds of saturation duration and a short recovery time 
yield the same CEST contrast as longer schemes and, consid-
ering that the short secondary pulse needs to recover satura-
tion losses due to the acquisition time (readout time ~160 ms),  
a short saturation (TS2 of 0.5 second) can be enough  
to ensure a good CEST contrast in the whole volume. In 
Figure 2D,H,L, the CEST effect at different T1 (R1) values 
is simulated. Interestingly, for T1 values in the range ob-
served in vivo (1-3 seconds), the CEST contrast is almost not  
affected by the exploited saturation times.

These simulated results were verified in vivo by single-slice 
acquisitions. Breast tumor–bearing mice showed similar con-
trast enhancements following iopamidol injection for both the 

F I G U R E  2   Numerical optimization of saturation parameters. Optimization of saturation power B1 (A,E,I), saturation pulse duration (TS) 
(B,F,J) and recovery time (Tr) before saturation (C,G,K), and magnetization transfer rate asymmetry (MTRasym) simulation at different R1 (D,H,L). 
Standard parameters if unchanged were 3 µT, TS = 3 seconds, and Tr = 5 seconds (A-D); B1 = 3 µT, TS = 0.5 seconds, and Tr = 5 seconds (E-H); 
and B1 = 3 µT, TS = 0.5 seconds, and Tr = 5 seconds (I-L).
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amide groups at 4.2 ppm and 5.5 ppm independently of the 
shorter (3-second) or longer (5-second) saturation schemes 
(Figure 3A,B). Moreover, a similar extravasation fraction was 
observed when applying the short (3-second) saturation pe-
riod (Figure 3C). Representative single-slice CEST contrast 
maps superimposed to anatomical images are shown for iopa-
midol at 4.2 ppm (Figure 3D) and 5.5 ppm (Figure 3E) after 
5 seconds or 3 seconds of saturation duration (Figure 3F,G).

4.3  |  In vitro optimization of pH sensitivity

Next, we investigated the effect of different saturation con-
ditions on the measured pH responsiveness. Figure 4 shows 
the CEST contrast obtained with the proposed multislice  
sequence at different saturation powers B1 and secondary sat-
uration pulse durations TS2 as a function of the pH. As shown 
in Figure 4A,B (solid lines), the CEST contrast increases 

F I G U R E  3   In vivo validation of simulated saturation schemes. Average ΔST% contrast measured in tumor regions at 4.2 ppm (A) and at  
5.5 ppm (B) and corresponding fraction pixels (C) following iopamidol injection for the two investigated irradiation conditions (3 µT × 5 seconds 
and 3 µT × 3 seconds, respectively) show similar contrast efficiency. Representative single-slice ΔST contrast-enhanced maps superimposed to T2-
weighteed anatomical images for the same tumor-bearing mouse obtained following saturation with the same power (3 µT) but different durations: 
5 seconds at 4.2 ppm and 5.5 ppm (D,E), and 3 seconds at 4.2 ppm and 5.5 ppm (F,G).

F I G U R E  4   Saturation parameters 
optimization. The CEST contrast calculated 
at 4.2 ppm (A) and 5.5 ppm (B) and CEST 
ratio (C) as a function of pH for different 
saturation conditions.
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with pH, peaking at pH = 6.7 for the resonance at 5.5 ppm  
and at pH = 7.4 for the resonance at 4.2 ppm. For B1 = 3.5 µT 
(Figure 4A, red solid line), the maximum value was reached 
at the highest pH value. As expected, experiments in which 
B1 was incremented showed an increase in the maximum con-
trast for both frequency offsets. In particular, the CEST con-
trasts calculated at 4.2 ppm, pH = 7, and secondary saturation 
duration of 1 second were 17.7%, 22.2%, and 26.3% for B1 =  
2.5 µT, 3 µT, and 3.5 µT, respectively, whereas the CEST 
contrast measured at 5.5 ppm, pH = 6.7, and at the same 
saturation condition was 8.0%, 10.2%, and 13.5%, respec-
tively. Similar behavior was observed for TS2 = 0.5 seconds 
(dashed lines), but contrast values were generally lower than 
the ones obtained at the same power and with a longer sec-
ondary saturation period. Figure 4C (solid lines) illustrates the 
CEST ratiometric values as a function of pH at different B1 
and TS2 values. The ratiometric curve linearly increased with 
the pH values but showed higher pH sensitivity (ie, increased 
steepness) for lower powers. When reducing TS2, the ratio-
metric curves were almost similar (Figure 4C, dashed lines). 
Therefore, the optimal saturation conditions were determined 
as the best tradeoff between the maximum detectable CEST 
contrast at the two frequencies and the highest pH sensitivity, 
corresponding to the following conditions: saturation power = 
3 µT, TS1 = 3 seconds, and TS2 = 1 second.

4.4  |  Single-slice and multislice 
sequence comparison

Figure 5 compares the single-slice and the proposed multi-
slice sequences. In particular, Figure 5A shows the Z-spectra 
of phantom #1 (pH = 6.7), acquired by iterating the conven-
tional single-slice RARE sequence (TS = 5 seconds) over the 
slices in a contiguous way. In comparison, Figure 5B shows 
the same Z-spectra collected with the optimized multislice 
sequence (TS1 = 3 seconds; TS2 = 1 second). In both the ac-
quisition schemes the Z-spectra are fully overlapped for all 
eight slices. The relative differences between each slice and 
the mean volumetric Z-spectrum showed percentage variations 
in the range ±0.9% for the single-slice sequence (Figure 5C)  
and ±1.3% for the multislice one (Figure 5D), with compa-
rable changes versus slices. Moreover, the two sequences 
were compared for image quality and quantitatively in terms 
of CEST contrast. Figure 5E,F shows the acquired images at  
4.2 ppm for the third slice: for both approaches, the images ap-
pear well defined, with no evident artifacts or geometrical dis-
tortions, exploiting one of the RARE readout advantages. The 
ST% maps for slice 3 are shown in Figure 5G,H. The average 
ST% at 4.2 ppm and 5.5 ppm were 8.25 ± 0.4% and 10.4% ± 
0.4% for the single-slice approach, whereas they were 8.4% ± 
0.7% and 10.7% ± 0.6% for the multislice acquisition scheme. 
Additional images for all slices for the two sequences are shown 

in the Supporting Information Figure S2, and the corresponding 
CEST contrast maps at 4.2 ppm and at 5.5 ppm are shown in 
Supporting Information Figure S3. These findings highlight that 
the measured CEST contrasts, even when using shorter satu-
ration periods, compare with those obtained with the conven-
tional single-slice approach. The CEST contrast-to-noise ratio 
was evaluated along the slices for both methods (Figure 5I). The 
contrast-to-noise ratio mean values were 16.9 ± 0.9 and 12.0 ± 
1.4 for the single-slice and multislice approaches, respectively. 
The calculated contrast-to-noise ratio was lower for the multi-
slice approach when compared with the single-slice approach, 
but still high and homogeneous along the slices. Moreover, by 
using the proposed sequence, the total acquisition time for a  
single Z-spectrum sampled with 46 offsets in eight slices cover-
ing a volume of 30 × 30 × 12 mm3 with a spatial resolution of 
0.47 × 0.47 × 1.5 mm3 was 9 minutes and 29 seconds for the 
multislice scheme compared with 36 minutes and 48 seconds for 
the conventional approach (repeated single-slice acquisition).

4.5  |  In vitro sequence validation

Next, we evaluated the homogeneity along the slices for the 
proposed multislice scheme in terms of both CEST contrast 
and pH. Figure 6 shows the results of the validation experi-
ments on the pH-varying iopamidol phantom #2. The 2D 
multislice CEST contrast maps at 4.2 ppm and 5.5 ppm are 
shown in Figure 6A,C, and the corresponding average cal-
culated saturation-transfer values for each vial are shown in  
Figure 6B,D. The measured saturation-transfer values for 
both the 4.2-ppm and 5.5-ppm pools were found to be con-
stant along all of the slices, with a clear dependence on pH 
but not on the position along the main magnetic axis. Linear 
regression analysis showed that the slope was not signifi-
cantly different from zero for all vials; hence, the measured 
CEST contrast is not affected by the slice position. From 
the measured CEST contrast at the two frequencies, we cal-
culated the corresponding pH values across all of the slices  
(Figure 7). The calculated pH maps are very homogenous 
along the slice direction within the same vial (Figure 7A). 
The average calculated pH values for each vial (in the pH 
range 6.0-7.4) showed no differences across all slices (Figure 
7B). As for the contrast, the pH linear regression analysis also 
showed that the slope was not significantly different from 
zero; therefore, the proposed multislice sequence allows one 
to obtain accurate pH measurements for all slices. Moreover, 
very high correlations were observed between the measured 
(pH meter) and CEST-calculated pH values (Figure 7C) for 
all slices. The calculated coefficients of determination are 
summarized for each slice in Supporting Information Table 
S1 and they ranged from 0.94 to 0.99. To further character-
ize the pH measure accuracy along the z-direction, mean pH 
values along the slices were calculated and compared with the 
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experimental ones (Figure 7D). Mean calculated pH values 
were very similar to the experimental ones with low SDs, con-
firming the accuracy along the third dimension. Moreover, 
Pearson’s correlation coefficient and the coefficient of de-
termination between calculated and experimental pH values 
were very high (0.995 and 0.991, respectively).

4.6  |  In vivo sequence validation

The capability of the proposed multislice sequence to meas-
ure pH in whole organs was evaluated in vivo in two differ-
ent cases: tumors and kidneys. The sequence allowed us to 
acquire eight slices in less than 10 minutes by sampling 46 

F I G U R E  5   Comparison of Z-spectra 
signal intensities, percentage variations 
with respect to the average Z-spectra along 
the slices, acquired T2-weighted image at 
4.2 ppm and calculated CEST contras at 
4.2 ppm and 5.5 ppm obtained with the 
conventional 2D single-slice sequence 
(A,C,E,G) and the proposed 3D multislice 
approach (B,D,F,H). Z-spectra nearly 
overlay for all of the slices and provided 
similar CEST contrast for both methods. I, 
The calculated contrast-to-noise ratio (CNR) 
along the slices for the two investigated 
acquisition approaches.
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frequency offsets. Moreover, considering the low mean B0 
shift (see Supporting Information Figure S4), the acquisition 
time could be potentially further decreased by reducing the 

number and the range of the sampled frequencies. Calculated 
pH parametric maps superimposed to anatomical T2w  
images are shown for a representative tumor-bearing mouse 

F I G U R E  6   In vitro validation. Two-dimensional multislice contrast map of the pH-varying iopamidol phantom #2 at 4.2 ppm (A) and  
5.5 ppm (C). Mean CEST contrast for each vial as a function of the slice position (points) and corresponding regression lines (dashed lines) at  
4.2 ppm (B) and 5.5 ppm (D).

F I G U R E  7   Assessment of sequence accuracy in measuring pH. A, Two-dimensional multislice pH map of the pH-varying iopamidol phantom 
#2. B, Mean compartmental pH for each vial as a function of the slice position (points) and corresponding regression lines (dashed lines). C, 
Correlation between calculated pH and real pH for each slice. D, Correlation between average calculated pH and real pH values.
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(Figure 8) and for the kidneys for a healthy mouse (Figure 9). 
The multislice acquisition allows the 3D rendering of the cor-
responding pH maps, which helps in the visualization of the 
pH distribution within the whole organ (Figures 8B and 9B). 
In addition, the information conveyed by the 3D data sets can 
be exploited for assessing pH gradients inside the organs. Of 
note, pH values in the whole tumors were observed to be less 
acidic in the rim regions and more acidic in the core region 
(Figure 8C). For the kidneys, we observed a neutral to acidic 
pH gradient when moving from the cortex to the medulla and 
the calyx (Figure 9C).

5  |   DISCUSSION

In this work we developed a segmented multislice CEST se-
quence based on a fast single-shot RARE readout for in vivo 
imaging pH in whole organs. The proposed sequence provided 
a homogeneous CEST contrast along the slices through the 
repetition of a short saturation pulse before each slice acqui-
sition, therefore increasing the CEST-MRI efficiency without 
significantly prolonging the acquisition time. Moreover, the 
single-shot RARE readout and the partial Fourier sampling 
speed up the image acquisition without introducing visible 
artifacts.67 As a result, our protocol obtained CEST Z-spectra 
sampled at 46 frequencies in eight slices within 9 minutes 
and 29 seconds, which equates to about 12 seconds/volume/
offset or to 1.5 seconds/offset/slice.

Because of the importance of whole-organ volume cov-
erage, several volumetric sequences have been developed for 
both clinical and preclinical scanners. At the clinical level, 
most of the sequences use 2D/3D approaches and exploit par-
allel imaging to obtain very rapid acquisitions with an acqui-
sition time per offset that varies from 4 seconds to 20 seconds, 
according to the saturation duration and the selected read-
out.41,43-46,49,50,68 Echo planar imaging and gradient and spin 
echo–based sequences are very fast and efficient, but they 
can be affected by physiological noise and geometric distor-
tion.43,46,68 Gradient-echo readout shows high signal stability 
but may suffer from some image artifacts.41,49 A RARE read-
out overcomes these issues but is usually slower and can have 
specific absorption rate limitations.44,50 At the preclinical 
level, instead, few multislice schemes have been developed 
but not yet integrated into any of the commercial MRI scan-
ners for animal experimentations. Sun et al55 proposed an EPI-
based CEST sequence that allows covering a FOV of 25 ×  
25 × 10 mm3 with a spatial resolution of 0.5 × 0.5 × 2 mm3 
in 6.5 seconds/offset (~5-minute total acquisition duration) at 
the expense of an additional T1 map acquisition to compen-
sate for T1-related contrast losses. A GRE readout scheme 
has been proposed by Dixon et al by repeating the saturation 
period before the acquisition of each slice, but the repetition 
generates a cumulative effect on the contrast that depends on 
the final slice number.56 Sun et al57 demonstrated that an un-
even segmentation of the saturation periods coupled with a 
GRE readout provides a fast and efficient CEST acquisition 

F I G U R E  8   A, Two-dimensional multislice tumor extracellular pH (pHe) map for a breast-tumor murine model. B, Three-dimensional pH map 
rendering. C, Calculated pH gradients along the three main axes inside the left tumor region showing T2-weighted image, overimposed pH map, 
and pH gradients along the A-axis (red), B-axis (blue), and C-axis (green).
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scheme of approximately 3.5 seconds/offset (FOV = 25 ×  
25 × 10 mm3, spatial resolution = 0.37 × 0.37 × 2 mm3, 
and 48 frequency offsets in about 4 minutes). A CEST-FISP 
POMP approach was developed with high-volume coverage 
in a short time, thanks to the simultaneous acquisition of mul-
tiple slices.37 This sequence allows covering a volume of 60 × 
60 × 10 mm3 with an isotropic spatial resolution of 0.5 mm3 
in 7 minutes and 28 seconds, which equates to 0.9 seconds/
slice/frequency. Compared with the previously developed 
multislice sequences, our approach shows several potential 
advantages, including (1) fewer susceptibility artifacts and 
greater SNR than EPI-based and GRE-based schemes; (2) 
no requirement of a T1 map for proper relaxation correction, 
in contrast to the EPI-based sequence; (3) no requirement of 
a dedicated multichannel hardware as for parallel imaging, 
which is not usually available in preclinical scanners; and (4) 
reduced B0 inhomogeneities and higher pH accuracy (0.99 
against 0.83 for calculated vs experimental pH values) in 
comparison to the POMP scheme.

In this work, the optimization of our proposed fast multis-
lice scheme sequence aimed at improving both CEST contrast 
efficiency and pH accuracy. We demonstrated by simulation 
and in vivo studies that optimal saturation conditions were 
achieved for iopamidol by exploiting a continuous-wave sat-
uration pulse of 3 µT with a duration as short as 3 seconds. 
Moreover, we observed that the highest pH responsiveness 
can be achieved with a tradeoff between CEST contrast and 
scan duration, resulting in a segmented saturation period of  
1 second per each slice (TS2), which is sufficient to maintain 

the contrast without signal losses along the slices. We found 
that both Z-spectra and CEST contrasts obtained with the mul-
tislice approach were homogeneous along slices and compa-
rable to the values obtained using the single-slice approach. 
These results demonstrate that this segmented multislice 
approach offers image quality comparable to that achievable 
with the single-slice approach, with a significant time sav-
ings. We validated the accuracy of measuring pH along all 
three dimensions in pH-titrated phantoms. In vitro results 
showed a good pH homogeneity along the z-dimension and a 
significant and high correlation between calculated and real 
pH, hence reflecting high precision for measuring pH.

The availability of whole-volume coverage sequences 
allows one to obtain more accurate pH-related information 
associated with cancer metabolism or renal functionality. It 
is well documented that tumor acidity has profound conse-
quences on tumor progression and that tumor pH heteroge-
neity further promotes aggressiveness and invasiveness of 
cancer cells.69-71 The calculated tumor pH maps showed this 
heterogeneity in the whole tumor, with a marked gradient 
(from less to more acidic) between the rim and the core areas, 
likely reflecting the reduced perfusion in the inner tumor re-
gions, hence higher glycolytic activity.23 Three-dimensional 
pH maps in kidneys also showed a pH gradient, with neutral 
pH values in the cortex and more acidic pH values in the 
medulla and the calyx regions, in agreement with renal phys-
iology. A similar pH distribution was previously reported, 
suggesting that our approach can be used to further assess 
whole-kidney pH.27,72,73

F I G U R E  9   A, Two-dimensional multislice pH map of the kidneys of a healthy mouse. B, Three-dimensional pH map rendering. C, Calculated 
pH gradients along the three main axes inside the right kidney showing T2-weighted image, overimposed pH map, and pH gradients along A-axis 
(red), B-axis (blue), and C-axis (green).
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6  |   CONCLUSIONS

Our proposed sequence based on a segmented irradiation 
scheme coupled with a single-shot centric RARE readout 
provides fast acquisition and good contrast without geomet-
rical distortions. The optimization of the saturation scheme 
resulted in good Z-spectra homogeneity along the slices, 
comparable to the conventional single-slice approach, but 
with a significant reduction in the overall acquisition time. 
Very high accuracy in measuring pH was observed in a phan-
tom with pH values in the physiological range along the three 
dimensions. These results show that the proposed multislice 
CEST sequence can offer a new tool to investigate the 3D 
pH heterogeneity in whole organs, both in pathological and 
physiological conditions.
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FIGURE S1 T1 maps for phantom #1 (A) and phantom  
#2 (B)
FIGURE S2 The CEST images at 4.2, 5.5, and 10 ppm for 
single-slice (A,C,E) and multislice acquisition (B,D,F)
FIGURE S3 Saturation-transfer CEST maps at 4.2 ppm and 
5.5 ppm for the single-slice (A,C) and the multislice (B,D) 
approach
FIGURE S4 B0 shift maps (A) and mean B0 shift region of 
interest–averaged values for the tumor-bearing mouse shown 
in Figure 8A,B and for the kidneys of the healthy mouse 
shown in Figure 9C,D
TABLE S1 Coefficient of determination for the measured 
and calculated pH values for phantom #2
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