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Introduction

Chemical exchange saturation transfer (CEST) is a 
relatively new MRI contrast that allows indirect detection of 
low concentration metabolites through chemical exchange 
of selectively excited bound protons with free water (1-4). 

Since the MR signal of the water pool is attenuated by only 
a few percent, measurements are, however, highly sensitive 
to any inhomogeneities and motion. 

Field homogeneity can be compromised by several factors 
including subject motion (5,6), breathing, heating of the iron 
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plates in the shim trays by eddy currents, and mechanical 
vibrations (7,8) during measurement. Small variations in 
the field will alter the chemical shifts of nuclei and as such 
impact the saturation effect that is being measured by CEST 
yielding inaccurate results, especially in close proximity to 
the water signal (9). The effects of field inhomogeneity, 
which may vary between successive CEST acquisitions and 
scanning sessions, will be even more significant in studies 
requiring repeated scanning, such as studies of pre- and post-
exercise glycogen depletion and repletion, perfusion studies 
(10-12), and assessment of glucose metabolism using CEST 
MRI (glucoCEST) in the brain (13-16).

Repeatability assesses the agreement between repeated 
measurements made using the same method on the same 
subject under identical conditions, and over a short period 
of time during which the measured value is assumed to be 
constant. Variability in such cases reflects the accuracy of 
the method alone (17). Reproducibility, on the other hand, 
assesses agreement between measurements made using 
the same method on the same subject, but under different 
conditions (17-19), which may be different observers or 
measurements being made over a period of time.

Under constant experimental conditions CEST offset 
measurements for the same subject should be repeatable. 
To be of practical use, measurements in different sessions 
should also be reproducible, that is robust to instrument-
related or environmental variations besides that of the 
CEST effect itself. Any differences in the CEST data 
should therefore reflect only physiological variations. 

Recently, we introduced a motion- and shim navigated 
glycoCEST sequence (20) that was shown to decrease the 
effects of subject motion and field inhomogeneity. To date, 
the repeatability and reproducibility of this sequence have 
not been assessed. This work examines the impact of field 
inhomogeneity caused by heating of the shim irons on 
the reproducibility of in vivo glycoCEST measurements 
and evaluates the effectiveness of our real-time shim- and 
motion corrected sequence to improve repeatability and 
reproducibility.

Methods

Data acquisition

All scans were performed on a Skyra 3 T MRI scanner 
(Siemens, Erlangen, Germany) using a 15-channel Tx/Rx 
knee coil according to protocols that had been approved 
by the Human Research Ethics Committee of the Faculty 

of Health Sciences, University of Cape Town. Written 
informed consent was obtained from all volunteers. 

Nine healthy subjects (7 male and 2 females; age: 23–38) 
were recruited for the study. A high-resolution structural 
image was acquired for positioning of the CEST slice. 
Single slice axial CEST images were acquired from the 
calf muscle of each subject 5 times in each of two sessions; 
in the first session no shim- or motion correction were 
applied, and in the second both real-time shim- and 
motion correction were applied, to allow comparison of 
the reproducibility of CEST measurements in each case. A 
typical diffusion tensor imaging (DTI) sequence used in brain 
research (1 mm isotropic resolution, b value 1,000 s/mm2) 
with a duration of five minutes was run between the third and 
fourth CEST acquisitions for the first 7 subjects, and before 
the five CEST acquisitions for the remaining 2 subjects. 
Since heating of the shim irons by the gradient-intensive 
diffusion scan results in a dynamically changing field during 
subsequent scans, this allowed us to evaluate the effect of this 
changing shim on the reproducibility of the CEST data. The 
DTI sequence can cause field changes of up to 30 Hz due to 
heating (21), as well as mechanical vibrations (21-24).

Scanning protocols

A 2D gradient echo single-shot echo planar imaging (ss-
EPI) continuous wave (CW) CEST sequence with double 
volumetric navigators (DvNav-CEST) was used for this 
study. The pair of navigators acquired with different 
echo times (TEs) allow both shim- and motion to be  
corrected (20) in real time. The k-space slices of the two 
navigators are acquired in an interleaved fashion. 

The magnitude and phase images of the navigator pairs 
are generated immediately after acquisition. For pose 
estimation, the magnitude image of the first 3D navigator in 
the pair is compared to a reference, selected to be the first 
navigator after the dummy scans. Prospective acquisition 
correction (PACE) (25), performed immediately after the 
navigator acquisition, computes translation and rotation 
parameters relative to the reference. 

Shim correction involves computing a 3D field map by 
complex division of the images of the DvNav pair. Since 
DvNav-CEST comprises two interleaved sequences with 
different field of views (FOVs), two frequency (ΔFs) and 
first order shim (linear shim gradients Gx, Gy and Gz) 
estimates are calculated—one for the selected CEST FOV 
and one for the DvNav FOV. The shim estimate for the 
DvNav is calculated using an unweighted least squares 
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regression (26). 
If motion correction is selected in the protocol, motion 

estimates are transmitted to the sequence. Slice position and 
orientation are then updated prior to the next CEST and 
DvNav measurement. If shim correction is enabled, this 
is followed by adjustment of the linear shim gradients for 
both sequences. Frequency correction involves recalculating 
the frequency and the phase of the radio frequency (RF) 
and analog-to-digital converter (ADC) pulses for both the 
DvNav and CEST sequences. 

CEST imaging parameters were: repetition time 
(TR) =2,500 ms, TE  =21 ms, FOV  =220×220 mm2, 
pixel size =3.5×3.5 mm2, slice thickness =5 mm, 43 
offset measurements (including 2 unsaturated reference 
measurements) acquired with an optimized RF power 
of 1.5 µT and saturation pulse duration 1,000 ms, 
swept between –3 and 3 ppm (with respect to water) in 
intervals of 0.15 ppm. CW RF irradiation parameters 
had been optimized previously for detection of glycogen 
in simulations with Bloch-McConnell equations, and 
subsequently verified in vitro for different glycogen 
concentrations and in vivo in human calf muscle (27).

The DvNav parameters were: TR =13 ms, TE1 =4.8 ms  
and TE2 =7.0 ms, acquisition matrix 32×32×32, 8 mm 
isotropic voxels (with 6/8 partial Fourier encoding in the slice 
direction), FOV 256 mm, turbo factor 32, 2° flip angle and 
bandwidth 4,882 Hz/px. A 2.2 ms echo time difference (ΔTE) 
was chosen to maintain fat and water in phase. The total data 
acquisition time, including the navigators, was 1 min and 
30 seconds. The navigators were included in the relaxation 

time of the CEST sequence. Volunteers were instructed to 
maintain their position during the whole scanning session.

Data analysis

On the high-resolution structural scan, a 35×35×5 mm3 
region of interest (ROI) was manually selected from the 
largest muscle group (gastrocnemius) in the calf (Figure 1) 
for glycoCEST analysis. Consistent placement between 
subjects was achieved by visual comparison. Since there 
was assumed to be minimal displacement between repeated 
acquisitions of one subject within a session, the identical ROI 
position was used. A custom-written Matlab (MathWorks, 
Inc. 2014) program was used to process all the images and 
generate CEST spectra and magnetization transfer ratio 
asymmetry (MTRasym) curves. The average of two reference 
measurements (images without saturation), which were 
acquired at the beginning of the measurement, was used for 
normalization when generating the Z-spectra. CEST spectra 
were generated by fitting a 30th order polynomial to the 
measured data. An example of the fitted curves along with 
the raw data is shown in Figure 2. In subsequent figures only 
fitted data are shown. The MTRasym curve was generated 
by subtracting the intensity of CEST spectra down-field 
of water (positive offset frequencies) from that up-field of 
water (negative offset frequencies). For all acquisitions, 
the MTRasym integral was calculated between 0.5–1.5 ppm 
downfield of water, targeting glycogen.

To compare retrospective shim correction to the navigator 
based real-time shim correction, we applied a polynomial 
fitting field inhomogeneity correction method (28,29) to 
the CEST spectra acquired from the 8th subject during the 
uncorrected session. CEST spectra were fitted to a 12th 
order polynomial, and the frequencies corresponding to the 
lowest signal intensity in the fitted spectra were assumed to 
be the water resonance frequency. All spectra were shifted 
accordingly to correct field inhomogeneity shift effects.

For each participant and session, the standard deviation 
(Std) and coefficient of variation (CoV) of the MTRasym 
integrals were calculated to compare reproducibility 
between sessions with and without shim correction. CoV 
for each subject i and session j was calculated as follows:

( ) ,
,

,

 % 100%i j
i j

i j

CoV
µ
σ

= ×
 

[1]

where σ and µ are the Std and means, respectively, of the  
5 acquisitions performed in each subject in each session. To 
investigate measurement repeatability (i.e., measurements 

Selected 
ROI

Figure 1 Location of selected ROI used for analysis of glycoCEST 
data. ROI, region of interest; CEST, chemical exchange saturation 
transfer.



1677Quantitative Imaging in Medicine and Surgery, Vol 9, No 10 October 2019

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2019;9(10):1674-1685 | http://dx.doi.org/10.21037/qims.2019.09.15

100

80

60

40

20

0

100

80

60

40

20

0

3 2 1 0 3 2 1 0−1 −2 −3 −1 −2 −3

Z
 (∆

ω )
, M

TR
as

ym
 (∆

ω )
 [%

]

Z
 (∆

ω )
, M

TR
as

ym
 (∆

ω )
 [%

]

∆ω [ppm] ∆ω [ppm]

NoCo

Fitted CEST spectrum
MTRasym

Measured data
95% prediction interval

Fitted CEST spectrum
MTRasym

Measured data
95% prediction interval

ShimMoCoBA

Figure 2 Example dataset showing raw data and 30th order polynomial fits for acquisitions without (A) and with (B) motion and shim 
correction in a single volunteer. 95% prediction intervals are also shown. CEST, chemical exchange saturation transfer; MTRasym, 
magnetization transfer ratio asymmetry.

under the same conditions), the CoV and Std were also 
calculated using only the first 3 pre-DTI acquisitions for 
the 7 subjects in whom DTI was performed after the 3rd 
CEST acquisition. For these same 7 subjects, agreement 
of MTRasym integrals averaged across the first 3 pre-DTI 
CEST acquisitions from sessions with and without real-time 
shim- and motion correction was evaluated using Pearson 
correlation and a Bland-Altman plot. 

Results

A total of 90 CEST spectra and MTRasym curves (9 subjects 
× 5 scans × 2 sessions) were generated and analyzed. Figure 3 
shows the CEST and MTRasym curves for the first 3 subjects 
from sessions without (NoCo) and with (ShimMoCo) 
real-time shim- and motion correction. MTRasym curves 
from CEST acquisitions with real-time shim- and motion 
correction demonstrate greater consistency between 
acquisitions compared to those from acquisitions without. 
Specifically, significant drift is evident in the uncorrected 
session in the 4th and 5th acquisitions following the DTI 
acquisition.

Figure 4 shows for both sessions the zero- and first-order 
shim parameters measured in a single subject during the 
acquisitions preceding (3rd CEST acquisition) and following 
(4th CEST acquisition) the DTI acquisition. Drift in the 
scanner frequency is evident in scan 4 following the gradient 
intensive DTI sequence for the acquisition performed 
without correction (NoCo). 

For the last two subjects (subjects 8 and 9) the 5-minute 
DTI acquisition was performed prior to the CEST 

acquisitions in both sessions. The CEST spectra and 
MTRasym curves from both sessions are shown in Figure 5A,B 
for subject 8. Notably, DTI-induced field inhomogeneity 
in the session without shim- or motion correction (NoCo) 
results in a flatter CEST spectrum with broadening around 
0 ppm and spectral shifts. This causes distortion of the 
MTRasym curve, which is particularly severe in the first 
acquisition after DTI. In contrast, CEST acquisitions from 
the session with real-time shim- and motion correction 
yield consistent spectra (Figure 5B). Figure 5C shows 
the CEST spectra from the session without correction 
after performing polynomial fitting field inhomogeneity 
correction. Notably, retrospective field correction failed to 
recover the MTRasym curve.

Figure 6A shows how the MTRasym integral values of 
the first 7 subjects vary across the five consecutive scans. 
Values from acquisitions with real-time shim- and motion 
correction (solid lines) are higher (mean ± Std: with 
correction 73%±11%; without shim- or motion correction 
27%±14%, P<0.001) and demonstrate greater consistency, 
even following the DTI acquisition performed before the 
4th measurement, than those performed without (dashed 
lines). A significant reduction in MTRasym integral values is 
clearly evident following the DTI acquisition in acquisitions 
performed without shim- and motion correction (mean ± 
Std: first three acquisitions 34%±13%; last two acquisitions 
17%±16%, P=0.042), while values before and after DTI did 
not differ in acquisitions with real-time shim- and motion 
correction (mean ± Std: first three acquisitions 72%±11%; 
last two acquisitions 74%±11%, P=0.77). Figure 6B shows 
the MTRasym integral values for the two subjects whose 
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CEST acquisitions were performed after an initial DTI 
acquisition. Drift in the MTRasym integral values are evident 
in the acquisitions performed without shim- and motion 
correction (dashed lines) due to the fact that the shim is 
dynamically changing as the shim irons cool. 

Table 1 shows for each participant the CoV and Std of 

the MTRasym integrals from the 5 uncorrected and corrected 
CEST acquisitions. Table 2 shows the same, but only for the 
3 acquisitions preceding the DTI acquisition (i.e., without 
deliberate introduction of B0 changes) in the first 7 subjects. 
Table 3 shows the reproducibility of the MTRasym integral 
for a single subject (subject 8) without correction, with real-
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time shim- and motion correction and with shim correction 
by postprocessing using a polynomial fitting method. 
Overall, acquisitions with real-time shim- and motion 
correction applied show large significant reductions in the 
CoVs and Stds (all P’s <0.005) compared to uncorrected 
acquisitions, while the CoV and Std of the MTRasym 
integrals obtained after polynomial fitting is similar to that 
obtained without correction.

Figure 7A shows the association in the first 7 subjects 
between mean MTRasym integrals (averaged across the first 
three pre-DTI CEST acquisitions) from acquisitions with 
(ShimMoCo) and without (NoCo) real-time shim- and 
motion correction. Although there is a moderate (albeit not 
significant) relationship (r=0.62, P=0.1), MTRasym integral 
values from uncorrected acquisitions are consistently lower. 
This is clearly evident in the Bland-Altman plot shown in 
Figure 7B. 

Discussion

The current work shows that glycoCEST spectra and 
MTRasym curves acquired with prospective shim- and motion 
correction were more reproducible and less susceptible 

to distortions from saturation asymmetry between 
corresponding offset measurements caused by changes in B0.

In all 7 subjects in whom DTI was performed after 
the 3rd glycoCEST acquisition, the MTRasym integral of 
uncorrected acquisitions was reduced in the 4th CEST 
acquisition, which was performed directly post-DTI, 
showing evidence of recovery (about 10%) towards its 
pre-DTI value on the 5th acquisition (Figure 3). The CoV 
also increased by about 39% for post-DTI acquisitions 
compared to the pre-DTI acquisitions, highlighting the 
effect of shim distortion and a dynamically changing shim 
on glycoCEST reproducibility. 

By contrast, glycoCEST spectra and MTRasym curves of 
successive shim- and motion corrected acquisitions were 
qualitatively similar, including post-DTI acquisitions, 
with consistent MTRasym values. With correction, the 
mean (± Std) MTRasym integral CoV across 7 subjects was 
2.7%±1.4% compared to 84%±71% without correction. A 
CoV of 2.7 % for glycoCEST is comparable to gluCEST 
reproducibility reported previously in studies involving 
repeated measurements in five mice (30) and in vivo in the 
human brain at 7 T (31). These studies did not use real-
time shim and motion correction.
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magnetization transfer ratio asymmetry; DTI, diffusion tensor imaging.
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Zero-order shim (i.e., frequency) changes cause a shift 
in the entire glycoCEST spectrum leading to a mismatch 
between the assumed and actual 0 ppm position (32). 
Without proper shift correction, this causes an increase 
or decrease in the calculated MTRasym integral depending 
on the direction of the shift. During all uncorrected 
acquisitions, a shift (from zero) in zero-order shim 

(frequency) was observed. Directly after DTI, the zero-
order shim exhibits drift of as much as 10 Hz/min. 
The presence of field inhomogeneity along slice, phase 
encoding and readout directions (gradients) can cause a 
temporal shift, geometric distortion (shearing, stretching, 
compression, scaling) (33,34), or phase dispersion across 
affected voxels (5,35,36) resulting in signal loss and 
positional mis-registration of the signal and the acquired 
offset images during voxel-wise CEST data analysis. 

Although post processing using high-order polynomial 
fitting (28,29) helps to center the glycoCEST spectrum 
at the minimum to compensate for shifts of the entire 
Z-spectrum arising from zero-order shim changes, the 
technique cannot correct a dynamically changing B0 that 
varies between different frequency offset measurements. 
Although post-processing using 12th order polynomial 
fitting of the five CEST acquisitions performed after an 
initial DTI acquisition, reduced the CoV of the MTRasym 
integrals slightly from the uncorrected case (from 209% 
to 173%), the variation is still large. This shows that 
attenuation of the glycoCEST signal due to the cumulative 
effect of zero-order and first-order shim changes in the 
presence of a fluctuating B0 field cannot be corrected using 
simple post-processing techniques alone, highlighting the 
need for prospective correction.

Even without the deliberate introduction of B0 instability, 
the CoVs for the pre-DTI glycoCEST acquisitions (scans 
1–3) were lower for the shim- and motion corrected sessions 
(mean CoV ± Std =2.9%±2.0%) than for the sessions 
without correction (mean CoV ± Std =14.0%±7.5%), 
showing improved measurement repeatability under 
conditions assumed to be constant. The mean MTRasym 

Table 1 Comparison of the reproducibility (i.e., under changing 
conditions), in each of 9 subjects, of the MTRasym integral values 
from five successive CEST acquisitions performed without (NoCo) 
and with real-time shim- and motion correction (ShimMoCo), 
respectively

Volunteers
CoV (%) Std

NoCo ShimMoCo NoCo ShimMoCo

1 91 4.7 15.3 2.4

2 53 4.7 14.5 3.5

3 126 2.4 14.9 1.8

4 21 1.3 10.9 1.1

5 36 1.7 9.2 1.3

6 24 1.5 4.7 1.1

7 21 2.4 7.7 2.0

8 209 3.7 8.8 1.3

9 173 1.5 8.6 0.9

MTRasym, magnetization transfer ratio asymmetry; CEST, 
chemical exchange saturation transfer; CoV, coefficient of 
variation; Std, standard deviation.

Table 3 Comparison in a single subject (subject 8) of MTRasym 
integral reproducibility (i.e., under changing conditions) from 
5 CEST acquisitions performed after an initial DTI acquisition 
in the session without any correction (NoCo), the session with 
prospective shim- and motion correction (ShimMoCo) applied, and 
retrospective correction by a 12th order polynomial fitting technique 
(PolyFit) of the uncorrected data

Correction mechanism CoV (%) Std

NoCo 209 8.8

ShimMoCo 4 1.3

PolyFit 173 8.3

MTRasym, magnetization transfer ratio asymmetry; CEST, 
chemical exchange saturation transfer; CoV, coefficient of 
variation; Std, standard deviation.

Table 2 Comparison in the first 7 subjects of the repeatability (i.e., 
under the same conditions) of MTRasym integral values from the first 
3 pre-DTI acquisitions performed without and with real-time shim- 
and motion correction, respectively

Volunteers
CoV (%) Std

NoCo ShimMoCo NoCo ShimMoCo

1 26 4.8 6.9 2.4

2 21 6.5 7.7 4.8

3 12 2.7 2.8 2.0

4 6 1.7 3.7 1.4

5 16 1.4 5.1 1.0

6 7 1.6 1.6 1.1

7 9 1.6 3.7 1.3

MTRasym, magnetization transfer ratio asymmetry; DTI, 
diffusion tensor  imaging; CEST, chemical exchange saturation 
transfer; CoV, coefficient of variation; Std, standard deviation.
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integral values were also lower for scans acquired without 
correction compared to scans acquired with shim- and 
motion correction applied, suggesting that glycoCEST 
measurements may be underestimated if a proper shim is 
not maintained throughout the acquisition. 

Considering the mean MTRasym in the pre-DTI 
acquisitions only (Figure 7), the inter-session correlation 
between ShimMoCo and NoCo measurements was 
moderate, indicating that similar conclusions about relative 
glycogen concentrations in subjects could be drawn using an 
uncorrected or corrected glycoCEST sequence. Although 

no gold standard glycogen measurement is available to us 
to confirm this, we expect the shim- and motion corrected 
sequence to produce more accurate measurements by 
correcting for small subject motions and changes in field 
homogeneity. In addition to producing more repeatable 
and reproducible within-subject measurements, the shim- 
and motion corrected acquisitions also demonstrated a 
lower between-subject CoV (15.3%) for MTRasym than the 
uncorrected acquisitions (38.7%). 

Studies using glycoCEST MRI typically employ multiple 
scanning sessions to examine changes in physiology, 

Figure 7 Comparison for the first 7 subjects of MTRasym integrals averaged across the three pre-DTI CEST acquisitions from the session 
with real-time shim- and motion correction (ShimMoCo) to the equivalent values from the session without any correction (NoCo). The 
scatter plot in (A) shows the association between values obtained in the two sessions, and (B) the Bland-Altman plot. CEST, chemical 
exchange saturation transfer; MTRasym, magnetization transfer ratio asymmetry; DTI, diffusion tensor imaging; Std, standard deviation.
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biochemistry (37), molecular composition (38), metabolism 
(e.g., muscle glycogen depletion and repletion), and 
perfusion (39,40). Due to instrumental and physiological 
factors that influence the CEST effect, longitudinal and 
multicenter reproducibility is challenging in practice. In 
addition, the glycoCEST effect may be confounded by 
other CEST contrasts that appear in the Z-spectrum. 
Notably we observe reproducible dips at 2.5 and –2 ppm, 
possibly corresponding to amine protons and the nuclear 
Overhauser effect (NOE), respectively, that may affect 
glycogen MTRasym estimation. Technological improvements 
that address some of these issues will improve the practical 
utility of glycoCEST imaging. 

A handful of studies have examined reproducibility of 
CEST measurements in vivo including amine proton transfer 
imaging (APTCEST) of the human breast at 7 T (41),  
glutamate in mice using gluCEST (30) and gray and 
white matter glutamate contrast in the human brain (31). 
However, the effect of field inhomogeneity on repeatability 
and reproducibility of CEST data has not previously been 
evaluated and to our knowledge no previous study has 
evaluated the reproducibility of glycogen measurements 
using CEST MRI. 

Our results demonstrate that drift in the scanner 
center frequency and gradients resulting from shim iron 
heating affect glycoCEST spectra, leading to inaccurate 
quantification, and that these effects can be reduced or 
eliminated with application of prospective shim- and 
motion correction. This study highlights the importance 
of correcting field inhomogeneity prospectively during 
g lycoCEST longi tudinal  s tudies .  The navigated 
glycoCEST MRI sequence provides highly reproducible 
measurements in human calf muscle for a comparatively 
large ROI. Additional work needs to be done to establish 
the reproducibility of glycoCEST within and across specific 
regions of the calf muscle. 

We acknowledge several other limitations of the current 
study, including a limited number of subjects. Effects of 
scanner field strength, RF coil type and environmental 
factors such as temperature were not assessed; however, we 
anticipate that this assessment of reproducibility lays the 
groundwork for further CEST reproducibility studies that 
will systematically investigate these important questions. 

Conclusions

DvNav-glycoCEST acquisitions in the calf muscles of 
nine subjects, 5 times in each of two sessions, show that 

prospective shim- and motion correction produces more 
repeatable results than uncorrected acquisitions. The effect 
of B0 field fluctuations on glycoCEST reproducibility 
was also demonstrated. Our simultaneous real-time shim- 
and motion navigated glycoCEST sequence shows the 
potential to produce reproducible results by mitigating 
the effect of changes in field homogeneity. The navigated 
glycoCEST sequence may prove particularly valuable 
for applications that require multiple scanning sessions, 
for example to study glycogen depletion and repletion in 
skeletal muscle.
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