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Abstract

Purpose: To investigate the effects of frequency drift on chemical exchange saturation transfer 
(CEST) imaging at 3T, and to propose a new sequence for correcting artifacts due to B0 drift in 
real time.

Theory and Methods: A frequency-stabilized CEST (FS-CEST) imaging sequence was 
proposed by adding a frequency stabilization module to the conventional non-frequency-stabilized 
CEST (NFS-CEST) sequence, which consisted of a small tip angle radiofrequency excitation pulse 
and readout of three non-phase-encoded k space lines. Experiments were performed on an egg 
white phantom and 26 human subjects on a heavy-duty clinical scanner, in order to compare the 
difference of FS-CEST and NFS-CEST sequences for generating the z-spectrum, magnetization 
transfer ratio asymmetry (MTRasym) spectrum and amide proton transfer weighted (APTw) image.

Results: The B0 drift in CEST imaging, if not corrected, would cause APTw images and 
MTRasym spectra from both the phantom and volunteers to be either significantly higher or lower 
than the true values, depending on the status of the scanner. The FS-CEST sequence generated 
substantially more stable MTRasym spectra and APTw images than the conventional NFS-CEST 
sequence. Quantitatively, the compartmental-average APTw signals (mean ± standard deviation) 
from frontal white matter regions of all 26 human subjects were −0.32% ± 2.32% for the NFS-
CEST sequence, and −0.14% ± 0.37% for the FS-CEST sequence.

Conclusions: The proposed FS-CEST sequence provides an effective approach for B0 drift 
correction without additional scan time, and should be adopted on heavy-duty MRI scanners.
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INTRODUCTION

Chemical Exchange Saturation Transfer (CEST) imaging is an emerging molecular imaging 
technique (1–3). The CEST contrast is generated by saturating the exchangeable solute 
protons, which saturated magnetization of the solute protons will be transferred to the water 
protons by the chemical exchange process, leading to a reduction in the magnetization of 
bulk water protons. With the CEST technique, endogenous low-concentration biomolecules 
possessing water-exchangeable protons can be detected with a significantly enhanced 
sensitivity (4–6). For example, amide proton transfer (APT) imaging, a subtype of CEST 
imaging techniques, can detect endogenous cytosolic proteins and peptides by saturation of 
the amide protons in the peptide bounds (7–12). However, APT or CEST imaging is highly 
susceptible to the main field (B0) inhomogeneity for magnetization transfer ratio asymmetry 
(MTRasym) analysis(7,13,14), due to the fact that the CEST z-spectrum is acquired with a 
series of frequency-selective radiofrequency (RF) pulses (1,15).

Although subject motion, respiration and cardiac activity can cause small B0 drift, the B0 

field is generally stable. However, heating of shim elements induced by eddy currents and 
mechanical vibrations (16,17) can lead to severe B0 drift, which is typically encountered in 
the echo planar imaging (EPI) sequences that require rapid gradient switching such as those 
used for diffusion imaging. Furthermore, B0 drift will not only occur during the EPI 
acquisition, but also continue for a considerable amount of time after the EPI acquisition 
until the shim elements completely cool down (17). B0 drift can cause image shift in the 
phase-encoding direction of EPI readout (16–19) and compromise the efficacy of lipid 
suppression (20), leading to potentially significant lipid artifacts. As a consequence, if one 
performs a CEST imaging scan not long after an EPI acquisition, the performance of CEST 
imaging can be greatly influenced. Although the image shift can be corrected by post-
processing in k space (16,17,21–24) or image space (19,25,26), ineffectiveness of lipid 
suppression remains a challenging problem, especially for CEST imaging (27), which 
cannot be solved only by post-processing. In addition, B0 drift will cause conventional B0 

correction methods, e.g. WASSR (28), to fail for CEST imaging since it only corrects spatial 
B0 inhomogeneity.

Several prior studies have attempted to correct B0 drift in real time or post-processing. For 
example, Thomas et al. (20) adjusted the center frequencies of all RF pulses executed in real 
time via two measured non-phase-encoded k space lines during EPI acquisition for diffusion 
imaging at 1.5T. Windschuh et al. (29) introduced a post-processing correction method of B0 

drift for 3D CEST acquisition utilizing a gradient echo (GRE) readout at 7T. To the best of 
our knowledge, there is no real-time B0 drift correction method introduced or implemented 
for CEST imaging so far. In this study, we proposed a real-time frequency-stabilized CEST 
(FS-CEST) sequence by inserting a frequency stabilization module into the conventional 
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non-frequency-stabilized CEST (NFS-CEST) imaging sequence in order to correct B0 drift. 
Compared with the conventional NFS-CEST sequence, the novel FS-CEST sequence shows 
substantial advantages in correcting artifacts caused by B0 drift, especially on heavy-duty 
scanners.

THEORY

Frequency Stabilization Module

The FS-CEST sequence consists of four modules including frequency stabilization, CEST 
saturation, fat suppression (e.g. spectral pre-saturation with inversion recovery, SPIR), and 
readout (e.g. turbo spin echo, TSE), as shown for one repetition time (TR) cycle in Fig. 1. 
The FS-CEST sequence commences with an additional frequency stabilization module, in 
contrast with the NFS-CEST sequence. Specifically, the frequency stabilization module 
starts with a small-tip-angle (flip angle = α) slice-selective excitation RF pulse, and then 
proceeds with readout of three non-phase-encoded k space lines acquired at the time t1, t2, 
and t3, respectively. The phase difference between acquired k space lines is used to quantify 
the B0 drift value which is then corrected by adjusting the RF frequencies in the succeeding 
CEST saturation, fat suppression and readout modules for every TR in real time.

In details, a phase difference value for the ith readout data point, Δφi, can be calculated by 
Fourier transforming two acquired k space lines and taking complex conjugate 
multiplication. Then, the phase difference estimation φ

2 − 1
 (phase difference between the 

second and first lines) or φ
3 − 2

 (phase difference between the third and second lines) of two 

non-phase-encoded k space lines are generated by averaging every single data point phase 
difference—Δφi. The phase differences of φ

2 − 1
 and φ

3 − 2
 are related to frequency offsets as 

shown in Eqs. [1] and [2], respectively,

φ−
2 − 1

= 2π ⋅ Δ f ⋅ ΔTE
2 − 1

[1]

φ−
3 − 2

= 2π ⋅ Δ f ⋅ ΔTE
3 − 2

= 2π ⋅ Δ f ⋅ (ΔTE
2 − 1

+ τ) [2]

, where Δf denotes the frequency offset from the nominal B0 frequency after initial 
shimming, ΔTE2−1 = t2 – t1, and τ is the extra gap duration inserted between the second and 
third k space line readout.

Two frequency offset values can be calculated from Eqs. [1] and [2], respectively, as,

Δ f f ine = φ−
2 − 1

/(2π ⋅ ΔTE
2 − 1

) [3]
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Δ f coarse = (φ−
3 − 2

− φ−
2 − 1

)/(2π ⋅ τ) [4]

, where Δffine and Δfcoarse are intended to tackle relatively minor and major frequency drift 
values, respectively. Since ΔTE2−1 has to accommodate gradient ramp times and a rewinding 
negative gradient period between t1 and t2 as shown in Fig. 1, it is typically at least a couple 
of milliseconds long. On the contrary, τ is a gap interval and has no physical limit, and thus 
can be infinitesimally small. For minor frequency drift, i.e. when 2π phase wrap does not 
exist for either φ

2 − 1
 or φ

3 − 2
, Δffine is chosen as the frequency drift value. This is because 

the precision of the phase difference measured is limited, due to the presence of noise. Given 
a phase measurement precision, the larger the ΔTE or τ, the smaller the measurable Δf, 
namely, the higher the measurement precision of the frequency drift. For major frequency 
drift, i.e. when 2π phase wrap happens for φ

2 − 1
, Δfcoarse is chosen as the frequency drift 

value. One can test whether phase wrap occurs based on whether the difference between 
Δffine and Δfcoarse is greater than Δffine. Here, we assume no phase wrap happens for Δfcoarse 

since τ is chosen to be a very small value.

METHODS

MRI Experiments

All experiments were performed on a 3T Philips Achieva MRI scanner (Philips Healthcare, 
Best, The Netherlands) with a body coil for RF transmission and an 8-channel coil for 
reception. In the phantom study, two test tubes, one full of fresh egg white (taken directly 
from raw eggs) and the other one with half fresh egg white and half water, were placed 
inside a flask filled with 2% agarose solution. The in vivo study was approved by the local 
Institutional Review Board. Before participation in this study, written parental consent forms 
were obtained from all 26 subjects, including 16 males (6.0 ± 4.3 years old) and 10 females 
(5.5 ± 2.9 years old). The enrolled subjects were referred for MRI scanning due to idiopathic 
febrile seizures, headaches or dizziness, and to best of our knowledge, with no known 
condition that could alter the CEST index.

Data Acquisition

The imaging parameters used in the four modules of the FS-CEST sequence were as 
follows. As for the frequency stabilization module, the flip angle of the RF pulse was α = 
30, and the three non-phase-encoded k space lines were acquired at times of t1 = 2.54ms, t2 

= 5.12ms, and t3 = 8.33ms, with a blank interval of τ = 0.64ms. These acquisition times 
resulted in a maximum phase-wrap-free frequency offset of 388Hz and 1563Hz for the 
minor and major frequency drift estimation in Eqs. [3] and [4], respectively. The CEST 
saturation module included four 2μ T block saturation pulses each with a 200ms duration, 
and a 10ms long spoiler gradient between saturation pulses with a 10mT/m amplitude (27). 
The SPIR fat suppression module composed of a fat-selective 1100 RF pulse and a crusher 
gradient. The TSE acquisition module started with a slice-selective 900 excitation pulse 
followed by 42 slice-selective 1800 refocusing pulses (turbo factor = 42), with TR = 
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3000ms, echo time = 6.7ms, SENSE (30) factor = 2, slice thickness = 5mm, field of view = 
212×186mm2, and acquisition resolution = 2.2×2.2mm2. The NFS-CEST sequence used 
identical parameters to the FS-CEST one except there is no frequency stabilization module 
in NFS-CEST.

For both the FS-CEST and NFS-CEST sequences, 63 frequency offsets were acquired along 
the z-spectrum for a single slice resulting in a total scan duration of 3.2min separately. The 
63 frequency offsets included an unsaturated reference scan (S0 image) and saturated scans 
at 0, ±0.25, ±0.5, ±0.75, ±1, ±1.5, ±2 (2), ±2.5 (2), ±3 (2), ±3.25 (2), ±3.5 (6), ±3.75 (2), ±4 
(2), ±4.5, ±5, ±6, 10, 15.625, 20, 30, 40, 50, 60, 70, and 80ppm, where the number in the 
parentheses referred to the number of repetitions. Densely-sampled frequency offsets around 
0 ppm were intended to obtain more accurate B0 map fitting (31), the frequency offsets 
between 10 and 80ppm were designed for EMR fitting (32,33), and more frequency offsets 
near ±3.5ppm were used to achieve high signal-to-noise ratio APT-weighted (APTw) images 
(7,31,34). For both phantom and human studies, the FS-CEST and NFS-CEST sequences 
were run consecutively at the same slice location for every case on a heavily-used clinical 
scanner (8am to 10pm on weekdays and 8am to 5pm on weekends) with little idle time 
between scans. The CEST sequences were inserted randomly throughout the day depending 
on availability of scan time without consideration of what sequences were run for previous 
subjects. However, for the same subject, CEST sequences were run before injection of 
contrast agents and EPI sequences.

Data Analysis

All data processing was performed using MATLAB (The MathWorks, Natick, MA). In order 
to correct the spatial B0 inhomogeneity, z-spectrum data within 6ppm and −6ppm was fitted 
with a 12th-order polynomial on a voxel-by-voxel basis (7). Then, the fitted z-spectrum was 
interpolated to a 1Hz frequency resolution, and the deviation of the position with minimum 
water signal intensity from the nominal 0ppm frequency was defined as B0 offset (7,34). 
After correcting spatial B0 inhomogeneity effects, the APTw signal, z-spectrum and 
MTRasym spectrum for each voxel was obtained. The APTw images of phantoms and 
volunteers scanned with FS-CEST and NFS-CEST sequences were compared qualitatively. 
For quantitative comparison, regions of interest (ROI) were chosen in egg white and agar 
locations for phantoms and in frontal white matter areas for humans. The mean APTw 
intensity, mean z-spectrum and mean MTRasym spectrum from each ROI was compared 
between FS-CEST and NFS-CEST sequences. The paired t-test was used for statistical 
comparison with p-value<0.05 considered significant.

RESULTS

Figure 2 shows the APTw images, z-spectra, and MTRasym spectra acquired from the same 
phantom in three representative runs using the FS-CEST and NFS-CEST sequences. The 
APTw images from the FS-CEST sequence (Figs. 2d-2f) stayed relatively stable in three 
repeat runs. On the contrary, the APTw images from the NFS-CEST sequence could be 
mostly equal to (Figs. 2a vs. 2d), higher than (Figs. 2b vs. 2e), or lower than (Figs. 2c vs. 2f) 
those obtained with the FS-CEST sequence. While little difference could be seen between 
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the z-spectra scanned with FS-CEST and those with NFS-CEST (Figs. 2g-2i), agarose 
MTRasym spectra from the FS-CEST sequence were substantially different than those from 
the NFS-CEST sequence. As with the APTw images, the NFS-CEST sequence could lead to 
similar (Fig. 2j), elevated (Fig. 2k), or reduced (Fig. 2l) MTRasym spectra compared to the 
FS-CEST sequence. Meanwhile, results from egg white regions (Fig. S1) were essentially 
consistent with those from agarose locations (Fig. 2).

Figure 3 compares the APTw images acquired from three representative subjects out of total 
26 ones scanned with the FS-CEST and NFS-CEST sequences. As shown in the second row 
of Fig. 3, the FS-CEST sequence generated consistently stable APTw images throughout all 
subjects. However, the APTw signal intensity from NFS-CEST was either roughly identical 
to (Figs. 3a vs. 3d), greater than (Figs. 3b vs. 3e), or smaller than (Figs. 3c vs. 3f) that from 
FS-CEST, which coincides with the results from the phantom study as shown in Fig. 2. 
Notably, the NFS-CEST sequence sometimes produced abnormal APTw images falsely 
mimicking those from brain tumor patients (34) as in Fig. 3b. Moreover, the influence of the 
amplitudes of B0 drift on the quality of APTw images is illustrated in Fig. S2.

Figure 4 displays z-spectra and MTRasym spectra from frontal matter regions (delineated in 
Fig. 3) of the three aforementioned human subjects scanned with FS-CEST and NFS-CEST 
sequences. Minor difference was seen in the z-spectra between the FS-CEST and NFS-
CEST sequences (Figs. 4a-4c). Again, the MTRasym spectra scanned with the NFS-CEST 
sequence could be mostly equal to (Fig. 4d), higher than (Fig. 4e) or lower than (Fig. 4f) 
than those of the FS-CEST sequence, confirming the same trend seen on the APTw images 
in Fig. 3. In addition, the differences of APTw images, z-spectra and MTRasym spectra 
between FS-CEST and NFS-CEST are shown in Fig. S3.

Figure 5 exhibits the means and standard deviations of APTw signals in the frontal white 
matter ROI from every case of the total 26 subjects using NFS-CEST (blue line) and FS-
CEST (red line) sequences. Clearly, the FS-CEST sequence generated tightly bounded 
APTw signals in all subjects. However, the NFS-CEST sequence caused pronounced 
fluctuations among cases, with the maximum mean APTw intensity reaching 5% and the 
minimum APTw signal approaching −5%. The average and standard deviation of the mean 
APTw intensity from all 26 ROIs were −0.14% ± 0.37% for the FS-CEST, and −0.32% 
± 2.32% for the NFS-CEST sequence. Furthermore, the FS-CEST and NFS-CEST 
sequences did not produce statistically significantly different mean APTw signals with a p-
value of 0.71.

DISCUSSION

In this study, we proposed a novel frequency-stabilized CEST sequence by inserting a 
frequency stabilization module in front of the conventional non-frequency-stabilized CEST 
sequence in order to correct B0 drift. The frequency stabilization module measures the B0 

frequency in every TR cycle and corrects any possible frequency offset in the succeeding 
CEST saturation, lipid suppression and acquisition modules in real time. As shown by the 
phantom (Fig. 2) and human (Figs. 3–5) results, the FS-CEST sequence demonstrated 
remarkably improved resilience to B0 drift comparing with the conventional NFS-CEST 
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sequence. The stability of not only the APTw signals (Figs. 2, 3 and 5) but also the whole 
MTRasym spectra (Figs. 2 and 4) was dramatically enhanced with the FS-CEST sequence. In 
contrast, the NFS-CEST sequence generated results that were not clinically usable in many 
cases (Figs. 3b and 3c). Notably, the additional time spent on the frequency stabilization 
module is negligible compared to the time used by the other modules in the FS-CEST 
sequence.

The B0 field can have both spatial inhomogeneity and temporal instability. Here, the 
frequency stabilization module uses a slice-selective RF excitation pulse and non-phase-
encoded readout, which means it only corrects the temporal B0 frequency instability of the 
selected volume on average. On the scanner used in this study, the range of B0 drift 
encountered during each 3.2min FS-CEST scan (Fig. S4) had an average value of 10.1Hz, a 
maximum value of 80.3Hz and a minimum value of 2.4Hz, which were well under the 
correction limit of 388Hz or 1536Hz provided by the frequency stabilization module. 
Though the frequency stabilization module cannot correct spatial B0 inhomogeneity, the 
WASSR or dual-echo GRE method can be readily used to correct that. The B0 drift is mainly 
due to heating of the passive shim elements, which correlates with the hardware stress of the 
MRI system (35). It is known that sequences such as EPI or steady-state free precession 
(SSFP) require rapid gradient switching and cause heating of shim elements due to eddy 
currents and mechanical vibrations (16,17). However, it is important to note that the induced 
B0 drift can be sustained for a considerable period of time until the shim elements cool down 
(17). As a result, CEST sequences utilizing TSE or GRE readout will be affected if running 
after EPI or SSFP sequences, which will contaminate CEST metrics if not corrected for.

Numerous studies have been performed to investigate and correct the B0 drift, especially for 
EPI-based sequences (16–19). But, due to the sensitivity to spatial B0 inhomogeneity, CEST 
imaging has been mostly performed with TSE or GRE readout instead of EPI readout on 
human scanners. Recently, a retrospective correction method of the frequency drift was 
introduced for a 3D GRE-based gagCEST sequence, which acquired multiple M0 phase 
images before, in the middle of, and after the gagCEST acquisition, and interpolated the 
calculated B0 maps over time during post-processing (29). Differently, the FS-CEST 
sequence proposed in this study corrects the B0 drift in real-time, and has two major 
advantages. First, the frequency stabilization module updates the frequency used in the 
succeeding lipid suppression module in real time, and thus ensures the efficacy of lipid 
suppression. Unlike the articular cartilage for which gagCEST has been mostly used, the 
human brain has a non-negligible constituent of lipid which will cause significant artifacts in 
CEST images if not suppressed effectively (27). The effectiveness of lipid suppression can 
be ensured by the prospective FS-CEST method but not the post-processing method. 
Second, the FS-CEST sequence uses the same scan time with the conventional NFS-CEST 
sequence since the frequency stabilization module takes negligible time compared to the 
whole TR. This means the FS-CEST sequence uses less time than the post-processing 
method because it does not require multiple M0 images during the CEST acquisition. But, it 
is worthwhile nothing that the FS-CEST sequence can be combined with the post-processing 
method to achieve even better B0 drift correction.
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In this study, we have found significant artifacts using the conventional NFS-CEST 
sequence. However, it should be noted that our study was performed on a heavy-duty clinical 
scanner with essentially no gap time throughout the workday, and with frequent diffusion-
weighted EPI scans. Thus, our results should not implicate any potential issue for studies 
done on scanners with much less work load, such as research-oriented scanners, or on 
scanners with infrequent EPI or SSFP acquisition. On the other hand, the CEST sequence 
will have to encounter harsh clinical settings if it becomes a routine clinical sequence in 
future. Thus, it is recommended to adopt the FS-CEST sequence in both research and 
clinical use. And, in any case, the FS-CEST sequence will generate equivalent results to the 
conventional NFS-CEST sequence when little B0 drift exists as shown in Figs. 2a vs. 2d, and 
Figs. 3a vs. 3d. It is worthwhile noting that the B0 frequency can be alternatively measured 
with simple free induction decay signals without readout gradients in the frequency 
stabilization module instead of the gradient echo signals as implemented in this work. In 
addition, we have mainly investigated the influence of frequency stabilization on APT 
imaging, and further studies on the effects of frequency stabilization should be performed 
for other CEST imaging methods such as GlucoCEST (36,37).

CONCLUSION

The FS-CEST sequence provides an effective method for real-time frequency stabilization 
and successfully corrects artifacts due to B0 drift on APTw images and MTRasym spectra in 
CEST imaging. The FS-CEST sequence uses the same amount of scan time with the 
conventional NFS-CEST sequence, and should be adopted by studies in routine clinical 
settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sequence diagram of FS-CEST. The sequence consists of frequency stabilization, CEST 
saturation, fat suppression and acquisition modules. The frequency stabilization module 
composes of a small-tip-angle RF excitation pulse, 3 non-phase-encoded k space lines 
acquired at t1, t2, t3, and final crusher gradients.
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Figure 2. 
Comparison of APTw images (a-f), z-spectra (g-i) and MTRasym spectra (j-l) acquired from 
the phantom in three repeat runs using FS-CEST and NFS-CEST sequences. Each column 
illustrates results from one individual run of the FS-CEST and NFS-CEST sequences. The z-
spectra and MTRasym spectra were obtained by averaging all voxel indices from the ROI 
drawn in the agar region as shown in the top two rows. The red line indicates spectra from 
the FS-CEST sequence and the blue line denotes results from the NFS-CEST sequence.
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Figure 3. 
Comparison of brain APTw images obtained from three representative human subjects using 

the NFS-CEST sequence (a-c in the top row) and FS-CEST sequence (d-f in the bottom 
row). Each column shows APTw images from each subject.
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Figure 4. 
Comparison of compartmental-average brain z-spectra (a-c; top row) and MTRasym spectra 

(d-f; bottom row) acquired from the three subjects shown in Fig. 3 and from ROIs delineated 
by red circles in Fig. 3, using the FS-CEST sequence (red line) and NFS-CEST sequence 
(blue line).
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Figure 5. 
APTw signals (mean ± standard deviation) from the frontal white matter ROIs of all 26 
human volunteers. The horizontal axis denotes the subject index and the vertical axis 
denotes the APTw signal amplitude. The red line refers to results from the FS-CEST 
sequence, and the blue line indicates results from the NFS-CEST sequence.
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