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Abstract

Purpose: To develop prospectively accelerated 3D chemical exchange saturation transfer (CEST) 

imaging using compressed sensing (CS), combined with a saturation scheme based on time-

interleaved parallel transmission.

Methods: A variable density pseudo-random sampling pattern with a centric elliptical k-space 

ordering was used for CS acceleration in 3D. Retrospective CS studies were performed with CEST 

phantoms to test the reconstruction scheme. Prospectively CS-accelerated 3D CEST images were 

acquired in ten healthy volunteers and six brain tumor patients with an acceleration factor (RCS) of 

4, and compared to conventional SENSE reconstructed images. Amide proton transfer weighted 

(APTw) signals under varied RF saturation powers were compared with varied acceleration 

factors.

Results: The APTw signals obtained from the CS with RCS = 4 were well preserved as compared 

with the reference image (SENSE R=2) both in retrospective phantom and prospective healthy 

volunteer studies. In the patient study, the APTw signals were significantly higher in the tumor 

region (Gd-enhancing tumor core) than in the normal tissue (p < 0.001). There was no significant 

APTw difference between the CS-accelerated images and reference image. The scan time of CS-
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accelerated 3D APTw imaging was dramatically reduced to 2:10 min (in-plane spatial resolution 

of 1.8 × 1.8mm2; 15 slices with 4 mm slice thickness) as compared with SENSE (4:07 min).

Conclusion: CS acceleration was successfully extended to 3D CEST imaging without 

compromising CEST image quality and quantification. The CS-based CEST imaging can easily be 

integrated into clinical protocols and would be beneficial for a wide range of applications.
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1. INTRODUCTION

Chemical exchange saturation transfer (CEST) imaging is an important molecular MRI 

method that can generate contrast on free bulk water protons in tissue (1–4) that originates 

from and reflects labile protons in low concentration (mM range) solute molecules such as 

metabolites. Amide proton transfer (APT) imaging, a variant of the CEST-based molecular 

MRI technique, is based on the chemical exchange between free bulk water protons and the 

amide protons (-NH) of endogenous mobile proteins and peptides in tissue (4–9). An 

abundance of pre-clinical and clinical data suggests that APT-weighted (APTw) MRI 

enables the noninvasive identification and differentiation of brain tumors from peritumoral 

edema or normal tissue, high-grade from low-grade tumors, or radiation necrosis from tumor 

recurrence (10–18). Notably, the technique has the potential to expand the range of 

molecular MRI techniques to the endogenous mobile protein and peptide level and has 

recently become an FDA-approved sequence on 3T MRI systems for clinical use with brain 

cancers (19).

The early clinical applications of CEST MRI are very promising, but have been limited 

mainly because of the long scan time required. CEST effects are often assessed using a so-

called Z-spectrum, generated by plotting the normalized water signal intensity as a function 

of RF saturation frequency offsets. The measurement of a complete Z-spectrum based using 

standard imaging schemes is time-consuming because a large number of RF saturation 

frequency offsets are inevitably acquired. Similarly, clinical CEST imaging acquisition is 

also slow because multiple RF saturation frequency offsets are needed for B0 inhomogeneity 

corrections (20) or CEST quantification (21–25), limiting clinical translation despite of the 

many clinical benefits. A faster CEST scan would not only help to improve patient comfort 

and compliance, but also could be used to improve image quality, e.g. by reducing the 

influence of motion on different saturation frequency offsets. Furthermore, higher spatial 

resolution imaging would be valuable for assessing tumor heterogeneity more precisely. A 

fast imaging strategy is thus essential for translating CEST-MRI technology to daily clinical 

practice. Previous studies demonstrated the feasibility of accelerated CEST MRI using a 

combined compressed sensing (CS) and sensitivity encoding (SENSE) technique or a 

learning dictionary-based CS technique in healthy volunteers and/or tumor patients (26–28). 

However, they were limited by a single-slice acquisition, and a retrospective random 

sampling scheme.
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In CEST MRI, particularly APTw imaging (a relatively slow exchange process on the order 

of tens to hundreds of Hz), RF saturation time is usually a few seconds in animal studies to 

obtain steady-state CEST contrast (29–31); however, it is typically limited to <1 sec on 

human scanners due to hardware constraints, particularly the RF amplifier duty cycle and 

maximum pulse duration (32–34). To overcome this issue, a time-interleaved parallel 

transmission (pTX) technique was designed, which supports RF saturation at 100% RF duty-

cycle over multiple seconds for highly sensitive detection of APT effects on clinical scanners 

(35–37). Although a major portion of the CEST imaging time is deployed in the RF 

saturation period, a significant scan time reduction can be achieved in a 3D imaging 

sequence using an undersampled k-space acquisition. In this study, a CS-based accelerated 

CEST imaging technique was developed and tested using a retrospective study in CEST 

phantoms and prospective studies in healthy volunteers and tumor patients at a 3T human 

scanner.

2. THEORY

The undersampled k-space data acquired from each coil channel can be reconstructed by 

solving the following optimization problem, where we minimize the linear combination of a 

data fidelity term, a total variation term, and sparse wavelet regularization (38):

argmin
x

1
2 Fux − b 2

2 + λ α x TV + Ψx 1) [1]

where Fu is the undersampled Fourier transform, x is the image to be reconstructed, b is the 

undersampled k-space data, and ψ is a sparsifying wavelet transform. The total variation 

(TV) is defined as x TV = ∑ ∇1xi j
2 + ∇2xi j

2 + ∇3xi j
2
, where ∇1, 2, 3in the total variation 

are the forward finite difference operators along x, y, and z coordinates. The L1-norm 

defined as the sum of the complex modulus can be estimated by Ψx 1 ≈ (Ψx)*(Ψx) + μ, 

where μ is positive and close to zero. In the formulation in Eq. [1], the image can be sparse 

in the transform domains ( x TVand Ψx 1), whose tradeoff between the residual norm and 

regularity is controlled by the constants, α and λ.

3. METHODS

3.1 Phantom Experiment

Tissue-like phantoms were prepared in a 50 mL tubes and placed in a large plastic container 

that was filled with agarose to minimize field inhomogeneity. Ammonium chloride (NH4Cl, 

Sigma Aldrich, St Louis, MO, USA) was added in 50 mL tubes by dissolving 500 mM or 1 

M ammonium chloride in 40 mL PBS (pH 7.0) and titrated to pH values of 5.5, 6, and 6.5 

(39). Furthermore, 1% agarose (Sigma Aldrich, St Louis, MO, USA) was added to tubes, 

which was heated briefly using a microwave to dissolve agarose. The phantoms were left to 

solidify at room temperature before MRI scans. For CEST imaging, conventional Z-spectra 

(normalized water saturation spectra in which Z(Δω)= Ssat(Δω)/S0) were acquired with 49 
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frequency offsets Δω between −6 ppm and 6 ppm from the water resonance at intervals of 

0.25 ppm. RF saturation powers of 1.5, 2.5, and 3.5 μT and a saturation duration of 0.8 sec 

(a series of four block pulses, 0.2 sec duration each and 100% duty-cycle) were used. Note 

that parallel RF transmission was not used in the phantom study. CS was retrospectively 

simulated on the phantom data to test the CS technique prior to the performance of 

prospective CS acquisitions. The fully sampled k-spaces were retrospectively undersampled 

with a variable density pseudo-random sampling pattern by a factor (RCS) of 4 and 6. All 

studies were conducted on a 3 T Achieva dStream system (Philips Healthcare, Best, The 

Netherlands) with a 32-channel head coil, and all image processing and reconstruction 

algorithms were implemented in MATLAB R2018 (The MathWorks, Inc., Natick, MA) on a 

64-bit Window operation system, with a 16-core 3.4 GHz AMD processor and 64 GB of 

memory.

3.2 In-vivo MRI Experiments

Ten healthy volunteers (seven males, three females; median age, 26 years old) and six tumor 

patients (five males, one female; median age, 43 years old) with pathology-confirmed high-

grade gliomas (5 recurrent glioblastoma, 1 anaplastic oligodendroglioma) were recruited for 

this study. The study was approved by the Johns Hopkins Institutional Review Board. Before 

involvement in this study, written, informed consent was obtained from all participants. A 

3D turbo spin echo (TSE)-based CEST sequence was implemented and combined with two 

parallel RF transmission channels (via a body coil) driven by the RF amplifiers in a time-

interleaved fashion. By combining two amplifiers, each operating at 50% duty-cycle, an RF 

saturation pulse at 100% duty-cycle is achieved for durations up to 5 sec, while the full 

power of a single RF amplifier is available for the maximum B1 amplitude (37). The CEST 

images were acquired with 9 frequency offsets (S0, ±3, −3.5, +3.5, +3.5, +3.5, and ±4 ppm), 

RF saturation powers of 1.5 and 2 μT for healthy volunteers and 2 μT only for patients, and 

an RF saturation duration of 2 sec. The saturated image at 3.5 ppm was repeated three times 

with different echo shifts (−0.4, 0, +0.4 msec) for Dixon-type B0 mapping (40). Other 

imaging parameters were TR/TE = 6.5 sec/6 msec, FOV = 212 × 186 × 60 mm3, spatial 

resolution = 1.8 × 1.8 × 4 mm3, non-slice-selective 120° or 40° refocusing pulses, turbo 

factor = 174 or 104, slice oversampling factor = 1.4. A spectral pre-saturation with inversion 

recovery (SPIR)-based fat suppression was applied after RF saturation preparation. 

Uniformly undersampled reference (SENSE only, RSENSE = 2 in A-P) and prospectively 4-

fold undersampled CS images were acquired. A variable density pseudo-random sampling 

pattern with a centric elliptical k-space ordering was used for CS acceleration in the two 

phase encoding directions of the 3D acquisition (Fig. 1A). The identical subsampling pattern 

was applied along the direction of the saturation frequency offset. Several standard 

sequences were performed for each patient, but accelerated 8-fold by SENSE (2-fold) and 

CS (4-fold), including 3D T2-weighted TSE (TR/TE = 3 sec/271 msec; FOV = 212 × 186 × 

132mm3; spatial resolution = 1 × 1 × 1mm3; slices =132; scan time = 1:37 min), 3D FLAIR 

TSE (TR/TE = 4.8 sec/271 msec; FOV = 212 × 186 × 132mm3; spatial resolution = 1 × 1 × 

1mm3; slices =132; scan time = 50 sec), 3D T1-weighted TSE (TR/TE = 600 msec/28 msec; 

FOV = 212 × 186 × 132mm3; spatial resolution = 1 × 1 × 1mm3; slices =132; scan time = 

2:10min), and gadolinium enhanced T1-weighted imaging for brain tumor patients using the 

same parameters. The total scan time of the tumor patient was under 10 min.
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3.3 MR Image Reconstruction and Analysis

Sensitivity maps for the multi-channel coil were acquired from a separate calibration scan. 

Iterative reconstruction was used to solve an inverse problem with a sparsity constraint. 

Image reconstruction was performed using the Daubechies-4 wavelet as the sparse transform 

and TV penalty to reduce the background noise. The weights for TV and L1 minimization 

were 0.001 and 0.04, respectively. The weights were chosen to be in a range that minimized 

the error between the accelerated images and the reference images (RSENSE = 2). Detailed 

reconstruction methods can be found in a previous publication (26). All CS-reconstructed 

CEST image volumes were registered to the mean saturated volume (+3.5ppm) and 

corrected for B0 inhomogeneity effects (41). Lastly, APTw images were generated using 

magnetization transfer ratio asymmetry analysis, MTRasym(3.5ppm) (5). In terms of 

quantitative comparison, the normalized root mean squared error (nRMSE) and mean 

structural similarity index measure (SSIM) were used to estimate the fidelity of accelerated 

APTw images against the reference. The nRMSE is defined as ǁa - bǁ2/(bmax - bmin), where a 

is a reference data, b is a test data, and ǁ ǁ2 denotes the L2-norm. The SSIM is defined as 

(2μa μa+C1)(σab+C2)/(μa
2+ μb

2+C1)(σa
2+ σb

2+C2), where μ and σ2 are the mean intensity 

and variance, respectively. Constants C are included to avoid instabilities when the 

denominator is very close to zero. A region of interest (ROI) analysis was performed to 

compare APTw signal intensities between the normal-appearing white matter and glioma. 

The two ROIs were carefully drawn on the Gd-T1w images which were registered to the 

APTw images. Tumor ROI definition was guided by the Gd-enhancing regions of the 

glioma. In addition, ROI-based linear correlation and Bland-Altman analyses were used to 

compare the intensities from accelerated APTw images to those from reference SENSE-

reconstructed APTw images.

4. RESULTS

4.1 Phantom results

Retrospectively sampled data of the ammonium chloride phantom was successfully 

reconstructed for RCS = 4 and RCS = 6. Figure 1 shows (B) MTRasym(2.5ppm) maps and (C) 

Z-spectra reconstructed using CS as well as SENSE reconstructions (RSENSE = 2) as a 

reference. For the Z-spectra, only RCS = 6 is depicted. The CEST signal intensities derived 

by the three reconstructions at different accelerations were in close agreement for different 

RF saturation powers and ROIs with varied pH and NH4Cl concentration. The average 

nRMSE values of the MTRasym(2.5ppm) maps with three RF saturation powers were 0.0048 

and 0.0085 for RCS = 4 and RCS = 6, respectively. The average SSIM values of all Z-spectra 

were as high as 0.99 at a sampling rate of 6. Even though the mean values of the 

MTRasym(2.5ppm) signal intensities obtained from ROI-based analyses were statistically 

equivalent (p < 0.05), it can be visually observed that the MTRasym(2.5ppm) maps with RCS 

= 6 suffer from some minor streaking artifacts which slightly degrade the image quality 

(magnified images shown in the white dashed square in Fig. 1B). We therefore used RCS = 4 

in the human scanning.
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4.2 Healthy volunteer results

Figure 2 shows the 3D APTw images obtained from conventional SENSE with 2-fold and 

CS with 4-fold acceleration. The prospective CS acceleration achieved image quality 

comparable to the conventional SENSE-reconstructed images, but with a scan time reduction 

of 50% (2:10 min vs. 4:07 min). Interestingly, the APTw signal contrast between gray matter 

and white matter decreased with increased RF saturation power, which is due to direct water 

saturation, MTC, water T1 relaxation effects. However, the APTw images obtained from the 

two RF saturation powers had similar nRMSE values (also see Supporting Information 

Figure S1) and the RF saturation power was irrelevant for the performance of CS 

reconstruction. The average nRMSE value for all volunteers was 0.06. The APTw signal 

intensities of the gray and white matter regions with RF saturation powers of 1.5 and 2 μT 

were measured for both CS-acceleration and SENSE-acceleration and are compared in Fig. 

3. The correlation between the two acceleration methods was high with r2 of 0.98 and a 

slope close to one (Fig. 3A). The Bland-Altman analysis (Fig. 3B) resulted in significantly 

but small bias with an overall mean difference of 0.09% (p < 0.05).

4.3 Patient results

APTw images of a representative patient with recurrent glioblastoma obtained with an RF 

saturation power of 2 μT and RF saturation time of 2 sec are shown in Figs. 4A and 4B. 

There was no major visual difference (mean nRMSE = 0.07 and SSIM = 0.93) in the image 

quality between 2-fold SENSE and 4-fold CS scans (Fig. 4C and also see Supporting 

Information Figure S2), even though there were mild blurring effects on the CS-

reconstructed APTw images (magenta arrows in Figs. 4A and 4B). The two accelerated 

APTw images had excellent agreement in identifying active tumor enhancements, showing 

clear APTw hyperintensity in the area of post-Gd enhancement (tumor core) as quantified in 

Fig. 4D. From five GBM patients, the mean APTw signal intensities for the normal 

appearing white matter measured from reference and CS-accelerated images were 0.67 

± 0.03 % (95% confidence interval = 0.63% ~ 0.72%) and 0.66 ± 0.14 % (95% confidence 

interval = 0.40% ~ 0.88%), respectively. The mean APTw signal intensities for the tumor 

measured from reference and CS-accelerated images were 3.55 ± 0.27 % (95% confidence 

interval = 3.11% ~ 3.99%) and 3.51 ± 0.19 % (95% confidence interval = 3.20% ~ 3.82%), 

respectively. The APTw signal intensity of the tumor was significantly higher than that of 

normal tissue (p < 0.001 for both accelerations, n = 5). Figure 5 shows 3D conventional MR 

and APTw images for a patient with an anaplastic oligodendroglioma. An intermediate 

APTw signal intensity was observed in the same tumor area where Gd-T1w image showed 

faint enhancement.

5. DISCUSSION

Although the clinical applications for CEST or APT-MRI are very promising, a major 

limitation for routine clinical use is the time requirement and clinical tolerability to add 

another scan to an already long clinical protocol. The current 3D APTw MRI protocol (~ 15 

slices for 6 mm slice thickness) is performed within a clinically acceptable scan time (~ 

4min). Whole-brain 3D APTw MRI with higher spatial resolution is particularly important 

for depicting intratumoral heterogeneity for patients with very large tumor regions, which 
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will take an even longer scan time. Therefore, the development of fast CEST image 

techniques is a high priority to improve APT-MRI for daily clinical practice (26–28, 42–45). 

Unlike traditional strategies to accelerate MR image acquisition, CS techniques can reduce 

scan time by the combination of data sensing, compression, and processing in one operation 

(38). Herein, the accelerated CEST imaging technique using CS was developed, evaluated 

using the phantoms, healthy volunteers with varied RF saturation powers, and applied to 

tumor patients. In-vivo human studies, the 4-fold acceleration was achieved without 

compromising the quality of APTw images. However, we found that areas around CSF 

showed larger nRMSE values (see Supporting Information Figure S2) probably because of 

possible CSF flow-related artifacts, partial volume effects, or suboptimal image registration 

results. In the healthy volunteer studies, the APTw signal contrast between gray and white 

matter decreased with RF saturation power. The most likely explanation of this is differences 

in amide, nuclear Overhauser enhancement (NOE), and semisolid macromolecular proton 

concentrations, and water T1 relaxation time between gray and white matters, leading to 

very different contributions with RF saturation powers (46, 47). However, the RF saturation 

power of 2 μT was used in the tumor patient studies because the power is ideal for APTw 

imaging at clinical 3T magnetic field strengths.

Compared with our previous work, several novel technical aspects were presented in the 

current study. To the best of our knowledge, this is the first time that k-space measurements 

were prospectively undersampled and reconstructed using CS reconstruction in CEST 

imaging. We extended the CS reconstruction to prospectively undersampled 3D APTw data 

and successfully applied this to brain tumor patient imaging. The scan time of 3D APTw 

imaging was 2:10 min for 15 slices (4 mm thickness) with an in-plane spatial resolution of 

1.8 × 1.8mm2 and the CS reconstruction was performed in less than 2 min. Second, the use 

of the time-interleaved parallel transmission in the RF saturation scheme allowed us to 

maximize APT contrast using 100% duty-cycle saturation over 2 seconds (see Supporting 

Information Figure S3). With a pTX-based pseudo continuous-wave (CW) RF irradiation on 

3T clinical scanners, a simple analytical solution of the proton exchange model can be 

derived from full Bloch-McConnell equations. Furthermore, the Dixon approach provides 

robust B0 inhomogeneity correction and can be achieved during the APT acquisition and no 

extra scans are needed for B0 correction.

Our CS APT-MRI protocol enabled acceleration by a factor of RCS = 4, or potentially to 

improve image quality (higher spatial resolution or spatial coverage) while maintaining the 

acceleration rates. However, static, sparsifying, transform-based CS still suffers from several 

artifacts at high undersampling factors. To accurately reconstruct accelerated images, 

solution of an optimization problem with multiple mathematical constraints is required. An 

adaptive transform (learned dictionary from training data) applied in the CS framework may 

lead to higher image sparsity, and thus, to a potentially higher acceleration factor than the 

conventional, global, sparsifying transform commonly used in classic CS, even though this 

processing proves computationally complex and time-consuming (27). For the sake of 

simplicity, in the current study, the identical subsampling pattern was used along frequency 

offset domain. However, CS acceleration can be further increased by exploiting the sparsity 

in the frequency offset dimension with varied sub-sampling patterns for each Z-spectral 

image, in a similar way to incoherent sampling patterns in parameter dimensions in CS-
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based MR T1 and T2 parameter mapping (48). Our additional retrospective phantom study 

showed a significant improvement in reconstruction accuracy when random sampling 

patterns are applied along the frequency offset direction (see Supporting Information Figure 

S4 and S5). Recently, deep learning approaches have been used to model image 

reconstruction problems by training deep neural networks, which take full k-space 

measurements as inputs and put out reconstructed images, which is a non-iterative process 

after training occurs, thus achieving faster reconstruction (49–51).

A variable-density sampling pattern with an elliptic-centric 3D k-space ordering was used 

for accelerated APTw-MRI, which typically yields better quantitative measures in terms of 

de-noising and artifacts because most of the energy of images is concentrated in the center 

of k-space. However, slight blurring effects were visible in the accelerated APTw images of 

the healthy volunteer and the tumor patient due to the high undersampling of the outer lines 

of k-space and the denoising properties of CS reconstruction (38). Therefore, further studies 

are still needed to find an optimal sampling pattern of the k-space.

6. CONCLUSIONS

The CS-based CEST MRI technique was successfully extended from 2D to 3D, achieving a 

prospective acceleration factor of 4, and offered a significant scan time reduction. 

Accelerated CEST MRI with CS, combined with a parallel transmission-based saturation 

scheme could help to facilitate the clinical translation of CEST MRI into a routine 

diagnostic tool to monitor tumor response and progression of therapy, as well as for 

application to other diseases, such as hyperacute stroke and other neurological disorders.
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Figure 1. 
(A) A variable density k-space undersampling scheme with the centric elliptical k-space 

ordering for 3D acquisition. The central region is densely sampled and the outer region is 

progressively undersampled by the acceleration factor (e.g., RCS = 4). The colormap 

represents echo ordering acquisition (start of acquisition and end of acquisition). 

Comparison of (B) the MTRasym(2.5ppm) maps and (C) Z-spectra and MTR asymmetry 

spectra (insets) reconstructed with SENSE with RSENSE = 2 and CS with RCS = 4 (maps) 

and 6 (maps and spectra). Phantom contained NH4Cl and 1% agarose (ROI I: pH 4.5, 0.5 M 

NH4Cl + 1% agarose + PBS, ROI II: pH 5.0, 0.5 M NH4Cl + 1% agarose + PBS, ROI III: 

pH 4.6, 1 M NH4Cl + 1% agarose + PBS, ROI IV: pH 7.0, 1% agarose + PBS).

Heo et al. Page 12

Magn Reson Med. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
A comparison of APTw images from a healthy volunteer reconstructed with SENSE and CS 

using prospective acceleration factors of 2 and 4, respectively. Only odd numbered slices are 

shown. The APTw images were obtained from RF saturation powers of 1.5 and 2 μT, and an 

RF saturation duration of 2 sec.
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Figure 3. 
(A) Correlation and (B) Bland-Altman plots of the APTw signal at RF saturation powers of 

1.5 and 2 μT, reconstructed from the reference standard (SENSE = 2) and CS factor 4 for ten 

healthy volunteers. In the Bland-Altman plot, the mean bias is indicated by the solid black 

line and the 97% limits of agreement are indicated by dotted black lines.
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Figure 4. 
APTw images obtained for a patient with a glioblastoma using a RF saturation power of 2 

μT and saturation duration of 2 sec, reconstructed by (A) SENSE (RSENSE = 2) and (B) CS 

(RCS = 4). (C) Average APTw signal intensities with the two acceleration schemes from 

normal tissue and glioma tissue (from five patients with a glioblastoma). Error bars depict 

standard deviations. (D) Post-contrast T1w images.
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Figure 5. 
Conventional MR images and APTw images for a representative patient with an anaplastic 

oligodendroglioma. Five out of a total of fifteen APTw image slices are shown together with 

corresponding FLAIR, T2w, T1w, and Gd-T1w images. The grade III lesion was slightly 

enhanced on the post-contrast images and also showed an intermediate APTw signal.
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