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Abstract

Purpose—To investigate the effect of a frequency drift of the static magnetic field on three-
dimensional (3D) chemical exchange saturation transfer (CEST) MRI based on
glycosaminoglycans (GAG) of articular cartilage at 7T and to introduce a retrospective correction
method that utilizes the phase images of the gradient echo (GRE) readout.

Methods—Repeated gagCEST and By measurements were performed in a glucose model
solution and in vivo in the knee joint of three healthy volunteers at 7T. Phase images of the
modified 3D rectangular spiral centric reordered GRE CEST sequence were used to quantify and
compensate the apparent frequency drift in repeated gagCEST measurements.

Results—The frequency drift of the MRI scanner strongly influences the gagCEST signal in the
articular cartilage of the human knee joint. The gagCEST signal in the articular cartilage is
changed by 0.18%/Hz while an average drift of 0.7 = 0.2 Hz/min was observed. The proposed
correction method can be applied retrospectively without the need of additional measurements and
provides improved comparability, and reproducibility for gagCEST studies. This correction
method may also be of interest for other applications of CEST MRI.

Conclusion—Prospective or retrospective correction of the frequency drift of the MRI scanner is
essential for reproducible gagCEST measurements. The proposed retrospective correction method
fulfills this requirement without the need of additional measurements.
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Introduction

In chemical exchange saturation transfer (CEST) imaging, the selective saturation of
chemically exchanging protons enables the indirect detection of metabolites or mobile
proteins of millimolar concentration (1,2). Variation of the saturation offset frequency Aw
leads to the so-called Z-spectrum in each voxel of the CEST MRI acquisition. CEST MRI is
a quickly developing field with a large variety of in vivo applications (3-5). One of them is
the quantification of glycosaminoglycan (GAG) content in cartilage by utilizing
exchangeable hydroxyl protons, called gagCEST (6,7). GAGs are side chains of the
proteoglycan macromolecules, which provide the ability to attract and store water and are
responsible for the compressive load bearing properties of cartilage. Cartilage degeneration
is accepted to be one of the predominant initiating events during the onset of osteoarthritis
(OA) (8-10). Even before macroscopic alterations become apparent, changes in cartilage
architecture and extracellular matrix composition have been reported (11). In particular, a
decrease in proteoglycan content has been observed (8), which makes gagCEST MRI a
promising technique for detection of the early onset of OA.

Especially for CEST effects close to the water resonance, the high RF power used for the
selective saturation results in strong, water-T,-dependent spillover effects from the direct
water saturation (12,13). Hence, in vivo CEST MRI contrast is highly susceptible to local
variations of the static magnetic field Bg. In principle, intrinsic By correction can be
performed by acquiring a full Z-spectrum and shifting the minimum of the direct water
saturation to O ppm (14). However, this is only feasible for low amplitudes of the saturation
field By (15). Alternatively, separate By maps can be acquired for a more accurate estimation
of the local By field. For example, methods like WASSR (16), WASABI (17), multiple
echoes (18,19) and echo shifts (20) of repeated measurements have been developed and
used. The importance to correct for local Bg variations in CEST has already been discussed
in detail (21,22). For gagCEST imaging in the articular cartilage in the knee, it has been
shown that external Bg mapping and accurate corrections are essential due to short T, and
high saturation amplitude (7,19,23).

The B field varies locally but is generally stable over time. However, gradient intensive MR
sequences deposit power that heat various scanner components (24—-26) can result in a drift
of the By field. The severity of such gradient-induced field drifts depends on the scanner and
the gradient duty-cycle (25-27). In earlier CEST studies, a change of signal intensity over
the course of the CEST experiment has been observed, which was suspected to be “similar
to the baseline drift found in fMRI” (28). Whereas this led to the introduction of a baseline
correction that uses multiple unsaturated images over the course of a CEST experiment, the
direct effect of the field drift on the CEST contrast was not investigated further. It has been
shown that frequency drift is also a problem in other fields of MRI, such as diffusion MR,
fMRI, and MR spectroscopy. Multiple correction techniques have already been established
(26,27,29). However, they either require additional measurements or are not applicable for
CEST MRI.

In this study, we investigate the effects of a frequency drift of a MRI scanner on gagCEST
contrast in the human knee at 7T. We show that the observed frequency drift of 0.7 Hz/min
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significantly alters the gagCEST contrast. Furthermore, we propose a correction approach
that combines previous methods, namely the acquisition of a separate By map and the
utilization of phase images of the GRE readout. This allows a compensation of the
frequency drift during post-processing without further adjustments to the protocol. We
compare this new dynamic correction method to the standard B correction that uses only
the first separate Bg map. The quality of the method is tested by comparing it a correction
using multiple, interpolated By maps.

Magnetization preparation

For frequency selective saturation, a train of 5 Gaussian pulses with 100 ms duration,
saturation power B1=1.5 uT (B1ms = 1.85uT), and 99% duty cycle with spoiling after each
pulse was used, based on parameters optimized in other studies (30,31). Each gagCEST
acquisition consisted of 41 saturation offsets equally distributed between —2 and 2 ppm, in
steps of 0.1 ppm, which form the Mg, acquisitions. For normalization and baseline
correction (28), six additional images with offsets far off-resonant from water at —300 ppm,
dubbed Mg, were acquired as pairs of two before, after, and in the middle of the CEST
acquisition. A long delay of 4 s before each Mg, and with additional 6 s before each My
allowed for the complete recovery of the water signal to exclude any influences due to
saturation. The time stamp of each offset was saved in a log file. For separate By maps, the
WASABI method (17) was used with a 5 ms rectangular pulse with By = 3.7 UT (B1yms=
4.57). The same GRE readout as the CEST acquisition was used with 41 evenly distributed
offsets between -2 and 2 ppm. The WASABI method was chosen instead of the WASSR
approach, because of the higher accuracy in mapping the local By field (17).

3D MRI pulse sequence

Following the magnetization preparation, fast 3D acquisition was achieved using the
snapshot-CEST sequence (32) with TR = 4.6 ms, TE = 2.4 ms, FA = 5°, matrix 176 x 166 x
12, FOV = 150 x 141 x 36 mm3, GRAPPA = 2, elongation E = 0.6, and elliptical scanning.
The rectangular spiral centric reordering allowed for a fast acquisition of k-space with
reduced in-plane blurring. Both TE and TR were chosen as small as possible in order to
maximize the gagCEST contrast. With this setting the number of k-space lines is the main
limitation for the preservation of the CEST contrast in the MR images as explained by Zaiss
et al. (32). For improved phase maps, the raw images were reconstructed in MATLAB
(MathWorks, Natick, MA, USA) using a modification of Walsh’s adaptive coil combination
algorithm (33) by Inati et al. (34) that enforces a smoothing similar to a homodyne-filtered
phase image.

Acquisition Protocol

All experiments were performed on a Siemens 7T whole-body MRI scanner (Siemens
Healthineers, Erlangen, Germany) using a circularly polarized (CP) transmit / 28-channel
receive array knee coil (Quality Electrodynamics, Mayfield Village, OH, USA). After
localization and shimming, the WASABI and gagCEST acquisitions were performed in an
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alternating fashion as illustrated in Figure 1, with 4 WASABI acquisitions and 3 identical
gagCEST acquisitions in total. The duration of the complete protocol was 50 min.

Phantom preparation and human knee cartilage study

To mimic gagCEST contrast in articular cartilage, a model solution with 20 mM glucose,
3.4% (w/v) Agarose, and Gadavist® (Bayer Pharma AG, Berlin, Germany) was prepared,
resulting in Ty = 1.6 s and T, = 60 ms at 7T, which is similar to values obtained in articular
cartilage at 7T (35).

All human knee scans were performed with approval from the Institutional Review Board of
the New York University Langone Medical Center and after signed informed consent was
obtained. The left knee joints of 3 healthy volunteers age 29-32 were investigated (2 female,
1 male), with the male volunteer being measured a second time after one month.

Bg correction methods

Three different By correction methods were compared in this study, which were all
performed on a voxel-by-voxel basis:

1 For the stanaard By correction, only the By map of the first WASABI acquisition
was used, corresponding to the implementation in other studies (23,36,37).

2. For the dynamic WASABI correction, all WASABI By maps were linearly
interpolated over time to get ABg(t). Then, every offset of the gagCEST
acquisition was corrected using ABg at its specific time of acquisition. For maps
of the relative shift of the static magnetic field 8Bg(t), the WASABI By map at t
= 0 was subtracted from the interpolated ABy maps.

3. For the dynamical combined WASABI/phase correction, the phase images of
each pair of Mg images were averaged to improve SNR. The relative shift 8Bg(t)
was calculated based on equation 1, with phase 6 in rad and time t’ of the first
Mg acquisition. In order to obtain absolute ABg(t), 6Bg(t) was extrapolated
linearly to t = 0, the time of the first WASABI acquisition, and shifted to the
corresponding value of the WASABI By map.

sByolppml = "ot 1)

Quantification of gagCEST contrast

The gagCEST contrast gagCEST g (23) is evaluated as the average of

Msat( —Aw) - M (Aw)

at Aw = 0.9 ppm, 1.0 ppm, and 1.1 ppm.

0

Influence of B shift

To quantify the effect of By shifts on gagCEST data, a Z-spectrum corrected with the
dynamic WASABI correction averaged over a ROI in the femoral cartilage of subject 1 was
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used. The interpolated and smoothed Z-spectrum was shifted by values between —0.05 ppm
and 0.05 ppm ( = 14.8 Hz) in steps of 0.0025 ppm ( = 0.74 Hz) along the offset axis and the
corresponding MTR;,sym curves were calculated for each shift.

The 3D snapshot-CEST GRE provided good signal to noise ratio (SNR), with SNR > 90
across the ROls in the articular cartilage in all subjects. The modified adaptive combine
algorithm removed the background phase sufficiently, hence phase unwrapping was not
necessary.

Figure 2 shows data averaged and smoothed for a ROI on femoral cartilage of subject 1. As
expected, the MTRagym curve peaks at 1.0 — 1.1 ppm with a maximum of MTRgym(1.1
ppm) = 3.94%. Whereas the artificially introduced By shift is barely visible in the Z-spectra,
MTRgsym curves show a strong dispersion. Note that a positive shift of the center frequency
of the scanner results in a shift of the Z-spectrum towards positive offsets, leading to an
increase in MTRasym. Since the Z-spectrum has only minimal curvature around 1 ppm,
gagCEST o shows a linear dependence on the By shift. A linear fit was applied to the
gagCEST\ values, which gives a slope of 0.53%/0.01 ppm (0.18%/Hz).

Figure 3 shows the first By map and maps of the relative change of the By field over time in
the knee of one volunteer. The first WASABI By map (Fig. 3a) shows local inhomogeneity
of up to £0.4 ppm even after rigorous shimming of the volume was performed. The relative
field shifts estimated by the WASABI By maps (Figs. 3b, 3c, and 3d) and the Mg phase
images (Figs. 3f, 3g, and 3h) are in good agreement. Local variations of the field drift are
visible for both methods. For example, the field drift in the distal part of the gastrocnemius
is 0.02 ppm smaller than in the other parts of the muscle.

ROI-averaged evaluation of the WASABI By maps yielded a positive and linear frequency
drift of 0.7 £ 0.2 Hz/min during the measurements on the human subjects, as illustrated
exemplarily for one volunteer in Figure 4a. A positive linear drift and a negative non-linear
drift were observed during separate measurements of the glucose phantom (Figs. 4b and 4c).
The decision of linearity vs. non-linearity is based on the coefficient of determination R2.
More details about this decision together with fit results of a linear fit (Tab. S1), an
exponential fit (Tab. S2) and the visual representation of both fits on ROI-averaged data of
the glucose phantom (Fig. S1) can be found in the Supplementary Information. Figure 4 also
shows the estimation of ABg(t) using phase images compared to the estimation using the
WASABI By maps. Phase maps of Mg, images are clearly affected by the pre-saturation,
which is revealed as a dip or peak in the estimated ABg(t). The ROI based comparison
confirms the agreement of ABg(t) between the combined WASABI/phase approach using the
Mg images and the direct measurement using the WASABI By maps.

Accordingly MTR,sym Values of the three identical CEST measurements are significantly
different if the frequency drift is not compensated, as shown for the same ROI in Figures 5a
and 5d. As expected, MTR,sym Values around Aw = 1.0 ppm decrease upon the negative
frequency drift and vice versa. Upon compensation with the dynamic WASABI correction
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approach, the differences vanish and almost identical MTR,sym curves are obtained (Figs. 5b
and 5e). The same holds for the dynamic WASABI/phase correction (Fig. 5¢ and 5f). Note
that the MTR,sym curve of the first CEST acquisition, which directly follows the first By
map, is already significantly altered unless the dynamic correction is applied.

Figure 6 shows a slice from the knee scan of subject 1, in which a Mg image is
superimposed with gagCEST ) contrast in femoral and patella cartilage tissues. An overall
increase of the gagCEST contrast is visible if the frequency drift is not compensated (Figs.
6a-c). The gagCEST contrast remains much more stable upon correction of the frequency
drift. Both dynamic methods produce very similar results, supporting the applicability of
phase maps for frequency drift estimation. For both methods, the gagCEST contrasts of the
first and third CEST acquisitions are almost identical. The variations in the gagCEST
contrast of the second CEST acquisition (Figs. 6e and 6h) most likely originate from a small
displacement due to motion of the subject, which could not be compensated any better. The
last row in Figure 6 shows gagCEST contrast from a repeated measurement with the same
subject, indicating the repeatability and reproducibility of the presented method.

The results of the measurements from all volunteers are summarized in Figure 7. As
mentioned above, the frequency drift is similar in all measurements with an average of 0.7
+ 0.2 Hz/min. Both corrections, dynamic WASABI and dynamic WASABI/phase, show
good stability of the gagCEST)yg contrast across subjects and time. In contrast, the standard
By correction method shows a clear trend towards higher gagCEST contrast and stronger
dispersion with increasing time in all subjects. The ROl averaged dynamic WASABI
corrected gagCESTp9 = 3.75% = 0.41% and dynamic WASABI/phase corrected
gagCEST o = 3.57% + 0.46% of all acquisitions are in good agreement with the results of
other studies with comparable saturation settings (23,30).

Discussion

In this study, we identified the frequency drift of the MRI scanner as an important factor
compromising reproducibility and stability of CEST measurements, in particular gagCEST
measurements. To compensate this effect, a straight forward correction method using the
GRE phase images is introduced. The differences in the gagCEST contrasts measured at 3T
between damaged and healthy cartilage and measured at 7T between repaired and healthy
cartilage were 0.6 + 1.4% (19) and 2.8 + 2.8% (7), respectively. Hence, it is essential that
researchers are aware of the importance to correct for this frequency drift. Moreover,
experiments to optimize the gagCEST contrast require the acquisition of multiple
measurements subsequently (36) and thus are prone to misinterpretation if no frequency drift
compensation is applied.

With proper configuration of WASSR or WASABI acquisition, By maps with accuracy
below 0.3 Hz are possible (16,17). While there are attempts to further increase the accuracy
of the WASSR technique (38), this accuracy would be lost within the first minute of
acquisition following the By mapping due to the global frequency drift of 0.7 Hz/min
observed in this study. Besides, even higher frequency drifts of up to 3 Hz/min have been

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Windschuh et al.

Page 7

observed in other studies (29,39). However, even with smaller drifts, delays of less than 10
minutes are sufficient to alter the gagCEST contrast drastically.

Other CEST effects that are evaluated with MTR,sym may also be affected by this frequency
drift. Especially CEST effects close to the water resonance (5,40-42). In particular,
subtraction methods such as glucoCEST (43-45) could be affected. However, depending on
the water relaxation parameters, saturation settings, and static field strength, even CEST
effects further away from the water resonance may be altered significantly by a frequency
drift. In cases where methods like Lorentzian or Bloch fitting are applicable, the Bg drift can
be compensated, since these methods often include By as a fitting parameter.

Using phase images in MRI always comes with certain restrictions, namely phase jumps due
to errors in the phase unwrapping process or false values due to low SNR. However, the
implemented adaptive combine algorithm provides excellent smoothing of the phase images
of Mg acquisitions, without the need for further unwrapping methods. Phase images of Mg,
acquisitions with saturation close to water are not suitable for estimating the frequency shift,
due to the saturation induced dip in the phase (Fig. 4). Even extensive spoiling (tspoil = 20
ms) after the saturation train did not reduce this effect. It cannot result from low SNR alone,
since a clear dip is visible instead of strong fluctuations. Further investigations are necessary
to identify the source of this effect, maybe allowing the utilization of all CEST images to
track the frequency drift in the future. Other studies also successfully used phase maps of
two or more echo times for Bo mapping (19,46). These methods need to repeat the readout
with varying echo times but provide absolute By maps. Hence by using only Mg images for
this mapping, a reduction in measurement time by eliminating the need for a separate By
map may be feasible.

Since the frequency drift observed during the measurement on the human subjects is linear
(Fig. 7a), a linear fit model could improve the stability of the WASABI/phase correction
approach. However, since also non-linear drifts are possible, as observed in the phantom
study, the linearity of the drift would have to be verified first. We showed that even the more
general linear interpolation approach provides sufficient stability for in vivo application.

The observed difference in the direction of the drifts between the phantom experiment and
the in vivo study is most likely related to a gradient-intensive fMRI study prior to the
phantom measurement, which heated up the gradient system. A repetition of the phantom
measurement after an idle period of the scanner also showed a positive linear frequency drift
(Fig. 4). More extensive cooling of the gradient systems could avoid problems induced by
such gradient-intensive fMRI or similar studies.

All venders now provide an option for dynamic adjustment of the center frequency for state-
of-the-art scanners namely “Dynamic Stabilization” on Philips, “Real Time Field
Adjustment” on General Electric, and “Frequency Stabilization” on Siemens (29). However,
these are not readily available for all scanners. Furthermore these methods, are prospective
and have to be implemented with caution (29). Our proposed method can be applied during
post-processing and allows correction of the data retrospectively if raw data or phase images
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are available, which is a realistic assumption since custom GRE sequences are the method of
choice for gagCEST MRI (7,23,36,37).

Furthermore, the voxel based character of the WASABI/phase correction also has the
potential to correct CEST contrast for subtle local changes of the By field due to motion or
changes in temperature without the need of any additional measurement time, which may
not be possible by a simple global frequency adjustment.

Conclusion

The main finding of this study is the high sensitivity of gagCEST measurements to drifts of
the static magnetic field. By introducing a retrospective correction method based on GRE
phase images, we were able to show that errors due to this frequency drift could be
eliminated in post-processing while offering the potential to correct even dynamic local
changes of Bg, without additional measurement time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Flowchart of the measurements for investigating the impact of frequency drift on gagCEST
(a) with schematic view of the order of Mg and Mg, acquisitions during the 3D gagCEST
sequence (b), consisting of T1 recovery block, magnetization preparation block, and readout
block (c). The 3D centric rectangular spiral GRE sequence (d) reduces in-plane blurring in
comparison to the standard spiral readout (e), due to an elongation E = 0.6 of the spiral in
the in-plane phase encoding direction ky. The numbers in this schematic image indicate the
order of k-space line acquisitions.

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




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Windschuh et al.

d

Page 12

b C frequency shift [Hz]
-10 -5 0 5 10
— 6
S
s
n 4
Ll
(@]
()]
©
o 2

4 2 0 2 4
B, shift [10°ppm]

Aw [ppm]

Figure 2.
Influence of a By shift on gagCEST data. Smoothed Z-spectra from an ROI in the femoral

cartilage of a 32-year-old healthy volunteer at 7T with Bg shifts of —0.05 to 0.05 ppm,
frequency shift from —14.85 Hz to 14.85 Hz, respectively, are plotted from blue to red (a).
Corresponding MTR,sym curves (b) show a strong dispersion upon the By shift. In the
considered range, the gagCEST contrast depends linearly on the By shift with a slope of
0.53%/0.01 ppm (0.18%/Hz) (c). The corresponding linear fit of the gagCEST\q values is
illustrated with a black line.
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Figure 3.
Bo map of the left knee of a 32-year-old healthy volunteer at 7T from the first WASABI

acquisition (a) and Mg image of the same slice with ROI (e). Interpolated WASABI By maps
showing the By shift 8B at t = 6 min (b), t = 18 min (c), and t = 30 min (d) relative to the
first Bo map (a) at t=0. The 8By maps obtained using the GRE phase images at t = 6 min (f),
t = 18 min (g), and t = 30 min (h) are smooth and show the similar local variations.
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Figure 4.

ROI averaged ABg as a function of measurement time t in the femoral cartilage of a 32-year-
old healthy volunteer (a) and in a glucose phantom after an idle period of the MRI scanner
(b) and after a gradient intensive fMRI study (c) acquired at 7T. Data points are calculated
using WASABI acquisitions (red squares) phase images of Mg images (green circles) and
phase images of Mgy images (blue crosses). The ABy from WASABI and Mg phase images
are in good agreement, whereas the AB of the Mgy phase images clearly depends on the

CEST saturation offset.
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MTR,sym curves at different time relative to the first WASABI acquisition of a ROl in the
glucose phantom (top row) and in a ROI in the femoral cartilage of a 32-year-old healthy
volunteer (bottom row) at 7T. The MTRasym curves of data corrected with the standard By
correction (a,d) vary with acquisition time, whereas the data corrected with dynamic
WASABI (b,e) or WASABI/phase correction method (c,f) are stable over time. The dotted
line shows the maximum of the MTRgsym curve of the first acquisition using the dynamic
WASABI correction.
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H 10
-20
Cropped M images superimposed with gagCEST)g contrast in patellar and femoral

cartilage from identical measurements from a 32-year-old healthy volunteer, acquired at t =

5 min (a,d,g,j), t =17 min (b,e,h,k), and t =29 min (c,f,1,I). The gagCEST ), contrast of data
using the standard Bg correction (a,b,c) shows an increase over time, whereas the dynamic
WASABI correction (d,e,f) and the dynamic WASABI/phase correction method (g,h,i)

provide a stable contrast. The last row represents data from the same subject acquired one
month later (j,k,I).
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By drift (a) and gagCEST g values (b-d) averaged over ROIs in the femoral cartilage in all
subjects (S1-S3) for different correction methods. Each subject is plotted separately as a
function of measurement time t. Data corrected with standard B correction (b) shows a
strong increase and a larger dispersion of values over time. Data corrected with the dynamic
WASABI (c) or the dynamic combined WASABI/phase approach (d) show good stability
over time. Error bars represent the standard deviation of the mean.
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