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Abstract

Purpose: To perform fast 3D steady-state chemical exchange saturation transfer (ss-CEST) 

imaging using MR Multitasking.

Methods: A continuous acquisition sequence with repetitive ss-CEST modules was developed. 

Each ss-CEST module contains a single-lobe Gaussian saturation pulse, followed by a spoiler 

gradient and eight FLASH readouts (one “training line” + seven “imaging lines”). 3D Cartesian 

encoding was used for k-space acquisition. Reconstructed CEST images were quantified with 

four-pool Lorentzian fitting.

Results: Steady-state CEST with whole-brain coverage was performed in 5.6 sec per saturation 

frequency offset at the spatial resolution of 1.7 × 1.7 × 3.0 mm3. The total scan time was 5.5 

min for 55 different frequency offsets. Quantitative CEST maps from multi-pool fitting showed 

consistent image quality across the volume.

Conclusion: 3D steady-state CEST with whole-brain coverage can be done at 3T within 5.5 min 

using MR Multitasking.
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1. Introduction

Chemical exchange saturation transfer (CEST) is a non-contrast MR imaging technique 

that indirectly detects exchangeable protons in the water pool by pre-saturation at different 

frequency offsets [1, 2, 3]. CEST MRI provides a novel contrast mechanism to image 

important physiological information, such as pH and metabolite concentration [4, 5]. It can 

be applied to detect and diagnose various pathologies, such as cancer [6], ischemia [2, 7], 

and lymphedema [8].
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In conventional CEST imaging, each image readout is preceded by a frequency selective 

saturation module with long enough duration to reach the steady state between the 

exchanging proton pools and the water pool. Collecting images at different saturation 

frequency offsets generates the so-called Z-spectrum, which reflects the steady-state signal 

at sampled frequency offsets for a given saturation power. Wide, symmetric coverage of 

the Z-spectrum allows multi-pool analysis [9, 10], simultaneously revealing different CEST 

effects such as amide proton transfer (APT), relayed nuclear Overhauser enhancement 

(rNOE) effect, and other application-specific effects such as glycoCEST [11], CrCEST [12] 

and glycoNOE [13]. To achieve a reliable multi-pool analysis, dense sampling of the wide 

Z-spectrum is generally performed. Given the several dozen frequency offsets typically 

sampled, the acquisition duration (including the long saturation module) per frequency offset 

should ideally be limited to a few seconds in order to keep scan times acceptable for 

clinical practice. This time constraint typically allows only a single-shot k-space acquisition 

for each frequency offset after the saturation module. This single-shot scheme makes fast, 

high-quality 3D CEST imaging a challenging technical goal.

One fast approach, the snapshot-CEST method [14], shortened scan times by optimizing 

the k-space sampling efficiency, such as using spiral-centric reordered k-space acquisition 

for snapshot gradient-echo (GRE) readout [15, 16] or 3D echo-planar-imaging (EPI) 

readout with CAIPIRINHA undersampling [17, 18]. It can provide 1.7 × 1.7 mm2 in-plane 

resolution with an FOV of 220 × 180 × 54 mm3 acquired in 7 sec per offset using 3D GRE 

readout, and 1.8 mm isotropic resolution with and FOV of 256 × 224 × 156 mm3 acquired in 

4.3 sec per offset using 3D EPI readout.

A potentially faster approach, the steady-state CEST (ss-CEST) method, performs pre-

saturation and k-space sampling in an interleaved pattern with repeated modules [19, 20, 

21, 22]. It ensures that the saturation exchange steady state is maintained most of the 

time within each frequency offset, and the interleaved pattern provides more flexibility in 

sequence design and possible acceleration. However, initial ss-CEST methods required more 

than 12 min to acquire the whole Z-spectrum, which is still too long for practical use. 

Recently, faster ss-CEST was explored in several studies. For instance, a new ss-CEST 

method combining the radial readout with multilinear singular value decomposition was 

proposed to further reduce the total scan time to be less than 5 min [23, 24]. Compared 

with previous ss-CEST approaches, the acquisition time per frequency offset was reduced 

from more than 10 sec to 7.6 sec [21]; however, the spatial coverage and in-plane resolution 

was compromised (from 2 × 2 × 2 mm3 with >40 slices to 5 × 3 × 3 mm3 with 15 

slices). Another work explored fast 3D ss-CEST using segmented 3D EPI with incoherent 

undersampling in the k-ω space [25], generating whole-brain 1.8 mm isotropic CEST maps 

within 4 min.

Compared with EPI acquisition, ss-CEST with GRE acquisition is still slow despite its 

robustness to off-resonance and distortion. Therefore, we focus on the acceleration of GRE 

based ss-CEST in this work. In this study, we propose a novel 3D ss-CEST method at 3T 

using MR Multitasking [26]. MR Multitasking is a low-rank-tensor (LRT) imaging strategy 

initially developed for quantitative cardiovascular imaging. We extend its application to 

CEST imaging in this work. With LRT modeling, the correlations among images acquired at 
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different frequency offsets and among data during the approach to steady-state are exploited 

to both reduce the scan time and enhance the image quality. This allows the Z-spectrum to 

be acquired with whole-brain coverage at 1.7 × 1.7 × 3.0 mm3 spatial resolution within 5.5 

min.

2. Methods

2.1 Data acquisition

Fig. 1 illustrates the pulse sequence design and k-space sampling pattern of the proposed 

Multitasking ss-CEST protocol. The continuous-acquisition pulse sequence consists of 

repetitive ss-CEST modules. Each ss-CEST module contains a single-lobe Gaussian 

saturation pulse, followed by a spoiler gradient and eight fast low-angle shot (FLASH) 

readouts. The module repeated several times at each frequency offset in order to reach 

steady-state, and then switched to another frequency without any additional delay between 

modules. K-space lines were sampled using 3D Cartesian encoding. The center line (ky = 

kz = 0) was first sampled as “training data”, and seven randomized lines with Gaussian 

distribution in ky and kz direction were then sampled as “imaging data” [26].

2.2 Image reconstruction

Images from the proposed protocol were represented in form as a 5D image A (x, Δω, τ), 

where x is the voxel location in three spatial dimensions, Δω indexes different frequency 

offsets of saturation pulses, and τ tracks the time within each frequency offset (indexing 

the approach to steady-state). The image was reshaped as a three-way tensor A (grouping 

together the three spatial dimensions into one mode and assigning Δω and τ to the other 

two modes). Due to high correlation along each dimension, the tensor A can be modeled as 

low-rank and thus partially separable [27], e.g.

A = G × 1Ux × 2UΔω × 3Uτ (1)

where ×i denotes the tensor i-mode product; Ux ∈ ℂJ × L0 contains L0 spatial basis functions 

with J voxels each, UΔω ∈ ℂK × L1 contains L1 basis functions which characterize the 

Z-spectra, and Uτ ∈ ℂM × L2 contains L2 temporal basis functions which characterize 

the signal evolution to reach steady-state within each frequency offset; G ∈ ℂL0 × L1 × L2

denotes the core tensor. The core tensor and temporal bases can be combined into a temporal 

factor tensor Φ = G × 2UΔω × 3Uτ, in which case Eq. (1) simplifies to

A = Φ × 1Ux . (2)

Image reconstruction was done similarly to previous MR Multitasking works [28, 29, 30, 

31], in two steps:

First, the components of the temporal factor tensor Φ were estimated from the training data 

dtr. Using the known Δω and τ indices, all the training data can also be reshaped into a 

three-way multichannel tensor Dtr  in (k, Δω, τ)-space, where the first mode comprises 
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k-space locations k from all receiving coils. Then, G, UΔω, and Uτ were extracted from the 

higher-order singular value decomposition (HOSVD) [32] of Dtr.

Second, the spatial basis functions Ux were determined from the imaging data dim by 

solving the following problem:

Ux = argmin
Ux

dim − Ω Φ × 1EUx 2
2 + λR Ux (3)

where E is the signal encoding operator, including Fourier transform and coil sensitivity 

weightings; Ω is the undersampling operator; and R(·) is a regularization functional which 

was chosen here as a spatial total variation (TV) regularization term in order to additionally 

exploit compressed sensing.

2.3 CEST quantification

After the 5D image tensor A was fully reconstructed, a 4D image A(x, Δω) was extracted, 

consisting of the steady-state images at each frequency offset:

A(x, Δω) = A x, Δω, τmax (4)

where τmax is the last sampling time point at each frequency offset. A(x, Δω) was then used 

for further CEST analysis for each voxel x in the following steps:

1. Z-spectra generation. For each voxel x = x0, the CEST signal A x0, Δω  was first 

normalized with the signal from unsaturated image S0(x0) (acquired at 300 ppm) 

to generate the Z-spectrum:

Z x0, Δω = A x0, Δω
S0 x0

(5)

2. B0 correction. The central part of the Z-spectrum (nominal frequency offset |Δω| 

< 1ppm) was used to determine ΔB0 with a Lorentzian model [33]. Z-spectra 

were then shifted for each voxel with corresponding ΔB0.

3. Multi-pool Lorentzian fitting to generate isolated CEST contrasts. The four-

pool model was employed, including APT (+3.5 ppm), rNOE (−3.5 ppm), 

semisolid magnetization transfer (MT, −1.0 ppm), and direct water saturation 

(DWS, 0 ppm) [9, 17]. The contribution of each pool is represented by a 

Lorentzian function:

Li Δω, Ai, W i, Ci = Ai ⋅ W i
2/4

W i
2/4 + Δω − Ci

2 (6)

where Δω is the frequency offset; Ai, Wi, Ci is the amplitude, width, and center 

frequency of the i-th Lorentzian curve (i = 1, 2, 3, 4). Then, the fitted Z-spectrum 

can be described as
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f(Δω) = 1 − ∑i = 1
4 Li Δω, Ai, W i, Ci (7)

Eq. (7) was used to fit the Z-spectrum for each voxel using the MATLAB 

function lsqnonlin. The fitting parameters can be found in Supporting 

Information Table S1.

2.4 In vivo experiments

The experiment was approved by the institutional review board of Cedars-Sinai Medical 

Center. Written informed consent was obtained for all participating subjects. Data were 

acquired in six (n = 6) healthy volunteers on a 3T MR system (MAGNETOM Vida, Siemens 

Healthcare, Erlangen, Germany) with a 1Tx/16Rx-channel head/neck coil.

For the proposed Multitasking ss-CEST protocol, CEST parameters were (Fig. 1): TR = 70 

ms, saturation pulse duration tsat = 30 ms, saturation pulse flip angle = 500° (effective B1 

= 0.93 μT [35]), FA = 5° for FLASH readouts. The module was repeated 80 times at each 

frequency offset (5.6 sec in total), and then switched to another frequency without delay. 

Other parameters were: FOV = 220 × 220 × 120 mm3, matrix size = 128 × 128 × 40, spatial 

resolution = 1.7 × 1.7 × 3.0 mm3. Images of 53 frequency offsets (−100, −40, −30, −20, −15, 

−10, −9.0, −8.0, −7.0, −6.5, −6.0, −5.5, −5.0, −4.5, −4.0, −3.5, −3.0, −2.5, −2.0, −1.5, −1.0, 

−0.8, −0.6, −0.4, −0.2, −0.1, 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 

5.0, 5.5, 6.0, 6.5, 7.0, 8.0, 9.0, 10, 15, 20, 30, 40, 100 ppm) were acquired from upfield to 

downfield, with two prolonged unsaturated acquisition S0 (300 ppm) at the beginning and 

the end. The total imaging time was 5 min 30 s.

Single-slice single-shot FLASH CEST images were acquired as a reference. The frequency 

offsets were sampled as in ss-CEST. A train of 30 Gaussian pulses of tsat = 30 ms (duty 

cycle = 50%) and flip angle = 500° were used for saturation. Other parameters were: slice 

thickness = 10 mm, TR/FA = 3000 ms/5°, 2 averages. The total imaging time was 5 min 54 s 

for one slice.

T1w images were also acquired with the same image center, FOV, and slice thickness with 

the 3D ss-CEST protocol for gray matter (GM) and white matter (WM) segmentation.

To test the intra-session repeatability of the protocol, the same Multitasking ss-CEST 

sequence were performed twice at the same location in four (n = 4) volunteers.

2.5 Image analysis

All image reconstruction and image processing were performed with MATLAB R2018a 

(MathWorks, Natick, Massachusetts, USA) on a Linux workstation with two 2.7-GHz 12-

core Intel Xeon CPUs, one NVIDIA Quadro K6000 GPU, and 256 GB RAM.

CEST quantification was done for both 3D Multitasking ss-CEST images and 2D single-shot 

FLASH CEST images as described in previous sections. Segmented WM and GM in the 

central slice were selected as regions of interest (ROIs) for statistical analysis. WM/GM 

segmentation was performed with FSL [36] upon T1w images. The mean values of APT, 
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rNOE, and MT maps of each subject within GM and WM regions were compared between 

the proposed 3D Multitasking ss-CEST method and 2D single-shot FLASH CEST method. 

Statistical graphs were generated with GraphPad Prism 8 (GraphPad Software, La Jolla, 

California, USA).

3. Results

Representative Z-spectra between −15 ppm and 15 ppm are shown in Fig. 2A, B for WM 

and GM respectively. It can be clearly seen in the figure that the MT effect was more 

significant in WM than in GM, which is consistent with previous studies [15, 17].

Fig. 3 shows representative (A) B0 estimation result, (B) MT map, (C) rNOE map, and (D) 

APT maps of the proposed Multitasking ss-CEST method from one healthy volunteer. The 

image quality was consistent among different slices. Fig. 4 shows the comparison between 

rNOE, APT, and MT maps generated from the proposed Multitasking ss-CEST method and 

the 2D single-shot FLASH CEST method. While the fitted rNOE, APT and MT values were 

generally consistent with each other (also see Fig. 5), maps from the proposed method were 

less noisy than those from the reference 2D single-shot FLASH method.

Statistics of mean Lorentzian amplitudes within WM and GM regions among different 

volunteers are presented in Fig. 5. As shown in Fig. 5A, the mean amplitude was consistent 

among healthy subjects. Contrast ratios of WM:GM for rNOE, APT and MT amplitudes 

were 1.12, 1.07 and 1.31 from the proposed Multitasking ss-CEST method, near to the 

reference values of 1.13, 0.94, and 1.35 from the 2D single-shot FLASH CEST method. 

Note that although the saturation powers were the same, the established “steady state” at 

data acquisition were different between the proposed method and the reference method 

(steady state vs. pseudo steady state [22]), which may contribute to the difference in fitted 

rNOE, APT, MT amplitudes and corresponding WM/GM contrast ratios. The mean values of 

fitted rNOE, APT and MT amplitudes in WM and GM regions for each volunteer are shown 

in Supporting Information Fig. S1.

The intra-session repeatability results for each of the three volunteers are displayed in 

Supporting Information Fig. S2. The Coefficient of Variation (CoV) of rNOE, APT, and MT 

(considering the values in both GM and WM) were 5.1%, 8.9%, and 9.2% [37].

4. Discussion

We developed a novel 3D steady-state CEST method with whole-brain coverage using MR 

Multitasking. 3D Images of 55 different frequency offsets (including unsaturated ones) were 

acquired within 5.5 min covering an FOV of 220 × 220 × 120 mm3 at a spatial resolution of 

1.7 × 1.7 × 3.0 mm3. The time to acquire the data for each frequency offset was 5.6 seconds. 

It is more time efficient than previous GRE based methods considering the spatial coverage 

and the spatial resolution [14, 15, 38].

In contrast to the single-shot acquisition method (or the pseudo-steady-state method) [22], 

the ss-CEST method ensures that the steady state of the chemical exchanging process is 

maintained during most of the acquisition time. It allows continuous acquisition for more 
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efficient traversal of k-space than the single-shot method. Nonetheless, the only additional 

source of acceleration in the original ss-CEST implementation was limited to parallel 

imaging.

Low-rankness in spatiospectral signals has been exploited in previous work such as the 

SPICE method [39] and the Multilinear Singular Value Decomposition (MLSVD) method 

[24]. In SPICE, the spectroscopic image is modeled as a low-rank matrix to accelerate 

image acquisition. It was designed for spectroscopic imaging but has not been explored 

for CEST imaging. The MLSVD method performs post-processing denoising of CEST 

images by enforcing low-rankness of individual spatial dimensions versus a frequency 

offset dimension. In contrast, the low-rank tensor model in MR Multitasking enforces 

low-rankness of a combined spatial dimension (thereby imposing no assumption on spatial 

structure) versus two individual sequence parameter dimensions: frequency offset and time 

since frequency increment. Furthermore, Multitasking imposes this model during image 

reconstruction to accelerate acquisition. In addition to accelerating the acquisition, the 

Multitasking ss-CEST method has two additional advantages: (1) the approach to the steady 

state at each frequency offset is modeled and the signal before the steady state is excluded, 

allowing uncorrupted steady-state values to be used for quantification; (2) the Z-spectra 

are automatically denoised with the low-rank constraint. Given enough spatiotemporal 

correlation, the only explicit limiting factor of acceleration becomes the time required to 

reach steady state at each frequency offset.

In this work, 53 different frequency offsets were sampled between −100 ppm and 100 

ppm. In fact, though all the data were reconstructed jointly, not all the frequency offsets 

were needed in the multi-pool fitting process. The quantitative CEST maps reported in 

this paper were fitted using only the data from −20 ppm to 20 ppm (after B0 correction). 

However, those outer frequency offsets, even not used for fitting, are still important in this 

protocol. Note that the frequency offset is switched from one to another without water 

signal recovery during the continuous scan. Generally, the time to reach the steady state 

is shorter if the gap between two adjacent sampling frequency offsets is closer. Therefore, 

outer frequency offsets (e.g., ±30, ±40, and ±100 ppm) were sampled to “bridge the gap” 

between unsaturated images and saturated images, so that the steady state could be reached 

quickly at the following frequency offset [20].

Certain inhomogeneities are present in APT images (Fig. 3D), correlated to B0 

inhomogeneities in Fig. 3A. There is possibility of either incomplete B0 correction or 

incorrect modeling of B0 inhomogeneities in the low-rank model. A locally low-rank 

approach [40] may model the effects of smooth B0 inhomogeneity more efficiently, which 

will be explored in future work. Furthermore, the use of advanced active shimming coils 

may potentially provide better B0 shimming to reduce B0 inhomogeneity during image 

acquisition [41, 42].

B1 correction [43, 44] was not performed in this feasibility study. This may increase 

the variability of the CEST quantification results within the same tissue. Therefore, the 

influence of B1 inhomogeneity on the reliability of quantitative CEST maps needs to be 

evaluated before exploring the clinical applications of the proposed technique.
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A 4-pool Lorentzian fitting method was used to quantify the CEST effects, as in Mueller 

et al. [17]. Different fitting methods have been used previously, such as the Lorentzian 

difference (LD) method [15, 45, 46] or the PLOF method [23, 47]. Moreover, a different 

number of pools were fitted in the studies. Therefore, a standard fitting method which is 

generally accepted is still not established. Also, in previous works at 3T, different B1 values 

were chosen. Some representative effective B1 were 0.6 μT [15], 0.65 μT [17], 0.76 μT [23], 

and a peak B1 of 2 μT was used in several studies [25, 48]. In this work, we use a Gaussian 

saturation pulse with flip angle = 500° (peak B1 = 2.15 μT, effective B1 = 0.93 μT), which 

is slightly higher to balance the SNR of the spatial subspace images in MR Multitasking 

reconstruction and the visibility of the CEST effect in the Z-spectra. Both the choice of 

accurate CEST fitting method and the optimization of B1 are important questions to explore, 

but are beyond the scope of this work.

There are several potential improvements to explore in the near future. First, advanced 

k-space sampling trajectories may be exploited. For instance, non-Cartesian trajectories 

such as spirals have the potential to improve the sampling efficiency and incoherence over 

Cartesian acquisition, further reducing the scan time and enhancing the image quality. 

Second, the sampling pattern of specific frequency offsets can be further optimized to reduce 

the total number of sampled frequencies, so that the total scan time may be reduced while 

maintaining the reliability and robustness of the multi-pool fitting. Also, given that the 

sampling pattern of one “training line” every 70 ms resembles self-gated acquisition used for 

MR Multitasking in the heart and abdomen, the current ss-CEST protocol has the potential 

to also be applied to moving organs, such as free-breathing abdominal CEST.

5. Conclusion

Three-dimensional steady-state CEST with whole-brain coverage can be done at 3T with 

a total scan time of 5.5 min and a spatial resolution of 1.7 × 1.7 × 3.0 mm3 using MR 

Multitasking. Repeatable APT and rNOE maps were generated using the proposed method. 

This method has the potential to enable fast and high-quality 3D CEST imaging at clinical 

field strength.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
(A) Sequence design: Each module (TR = 70ms) contains a single-lobe Gaussian saturation 

pulse (tsat = 30ms, flip angle = 500°), followed by a spoiler gradient and 8 FLASH readout 

lines (1 training line + 7 imaging lines, flip angle = 5°). The module repeated at a specific 

frequency offset (Nrep = 80) and then switched to another. (B) k-space sampling pattern: 
In each module, the “training line” (center k-space line) is first acquired, followed by 

seven “imaging lines” (pseudo-randomly sampled lines with Gaussian distribution in ky and 

kzdirections).
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Figure 2: 
Representative Z-spectra from (A) the white matter (WM) region and (B) the grey matter 

(GM) region of a healthy volunteer. For convenience, raw data (the green dots in the figure) 

were plotted as 1 – Z(Δω).
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Figure 3: 
(A-D) Representative B0 estimation results and MT, rNOE, APT maps of the proposed 

Multitasking ss-CEST method (From A to D: B0, MT, rNOE, APT). 35 out of 40 slices are 

presented here. The outermost 5 slices are discarded for display because the aliasing at the 

boundary makes the fitting result less reliable.
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Figure 4: 
Comparison between maps generated from (A) the 2D single-shot FLASH method and (B) 
the proposed Multitasking ss-CEST method. Note that the slice thickness of 10mm used 

in the 2D single-shot FLASH CEST method was larger than 3mm in the proposed 3D 

Multitasking ss-CEST method. Therefore, though the center of the slice matched between 

(A) and (B), the spatial coverages were not completely the same.
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Figure 5: 
Average Lorentzian amplitudes within WM and GM regions among different volunteers. 

The mean amplitude is consistent among healthy subjects with (A) the proposed method 

and (B) the reference method. (C) Contrast ratios of WM:GM for rNOE/APT/MT: 

1.12/1.07/1.31 (Multitasking ss-CEST) vs. 1.13/0.94/1.35 (2D single-shot FLASH CEST).
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