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Purpose: To describe the implementation and initial results of using Chemical Exchange Saturation
Transfer (CEST) for monitoring patients with central nervous system (CNS) tumours treated using a
1.5 tesla MR-guided radiotherapy system.
Methods: CNS patients were treated with up to 30 fractions (total dose up to 60 Gy) using a 1.5 T Elekta
Unity MR-Linac. CEST scans were obtained in 54 subjects at one or more time points during treatment.
CEST metrics, including the amide magnetization transfer ratio (MTRAmide), nuclear Overhauser effect
(NOE) MTR (MTRNOE) and asymmetry, were quantified in phantoms and CNS patients. The signal was
investigated between tumour and white matter, across time, and across disease categories including
high- and low-grade tumours.
Results: The gross tumour volume (GTV) exhibited lower MTRAmide and MTRNOE and higher asymmetry
compared to contralateral normal appearing white matter. Signal changes in the GTV during fractionated
radiotherapy were observed. There were differences between high- and low-grade tumours, with higher
CEST asymmetry associated with higher grade disease.
Conclusion: CEST MRI using a 1.5 T MR-Linac was demonstrated to be feasible for in vivo imaging of CNS
tumours. CEST images showed tumour/white-matter contrast, temporal CEST signal changes, and associ-
ations with tumour grade. These results show promise for the eventual goal of using metabolic imaging to
inform the design of adaptive radiotherapy protocols.
� 2021 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 162 (2021) 140–149 This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Magnetic resonance imaging (MRI) in clinical practice has
expanded from a diagnostic tool to one of image guidance. This
includes the integration of MRI into radiotherapy, for which a
number of MR-guided radiotherapy systems have emerged [1,2].
The Elekta Unity MR-Linac is a new system that combines a linear
accelerator with an MR scanner [3,4], employing a magnetic field
strength of 1.5 tesla to enable high-resolution diagnostic-quality
images at each radiation treatment fraction. The ability to perform
real-time MR guidance [1] offers new opportunities for response
assessment and personalized treatment in radiotherapy. Various
clinical applications of the MR-Linac [5–9] have used soft-tissue
MRI contrast for target volume planning and for the sparing of
organs at risk. In addition, advanced quantitative MRI sequences
have been explored to obtain microstructural information
throughout treatment on MR-guided radiotherapy systems
[10,11], which could potentially be used to identify regions for
dose intensification [12].

Chemical exchange saturation transfer (CEST) [13] MRI is cap-
able of acquiring metabolic information and is sensitive to low
(millimolar) metabolite concentrations. Amide proton transfer
(APT) CEST [14,15], which is based on the exchange of protons in
amide bonds such as those of proteins and peptides, has been
shown to predict therapeutic response in glioblastoma (GBM)
[16–18], discriminate between different central nervous system
(CNS) tumour types [19–22] and grades [19], distinguish radiation
necrosis from tumour [23] and differentiate pseudoprogression
from true progression [24]. In vivo CEST was traditionally limited
to MRI field strengths of 3 T and 7 T [17,18,25,26]. Recently, our

http://crossmark.crossref.org/dialog/?doi=10.1016/j.radonc.2021.07.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.radonc.2021.07.010
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:rchan@sri.utoronto.ca
https://doi.org/10.1016/j.radonc.2021.07.010
http://www.sciencedirect.com/science/journal/01678140
http://www.thegreenjournal.com


Fig. 1. CEST Phantom Experiment on the MR-Linac: (A) Mean CEST asymmetry values (with standard deviation represented by errorbars) are plotted for eight ammonium
chloride concentrations, along with the asymmetry map. ROIs are labeled 1–8, corresponding to increasing NH4Cl concentrations. Map intensities outside the tubes are from
the water in which the phantom tubes were immersed to reduce susceptibility effects. (B) Corresponding z-spectra are shown. Signal amplitudes from the positive (red) and
negative (black) frequency offsets are plotted with differences representing the MTR asymmetry at each offset.
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Table 1
Patient Characteristics: Patient characteristics are shown for 54 CNS patients included
in this study. Clinical details for the subset of 28 GBM patients are also included. All
brain metastases were cavities.

CNS patients (n = 54)

Age (years)
Median 54
Range 26–81

Gender
Female 25 (46.3%)
Male 29 (53.7%)

Diagnosis
GBM 28 (51.9%)
Astrocytoma 10 (18.5%)

(Gr.II: 5/Gr.III: 4/not assessed: 1)
Brain metastasis 7 (13.0%)
Meningioma 4 (7.4%)
Oligodendroglioma 3 (5.6%)
Ependymoma 1 (1.9%)
Schwannoma 1 (1.9%)

WHO Grade
I 3 (5.6%)
II 8 (14.8%)
III 6 (11.1%)
IV 28 (51.9%)
N/A 9 (16.7%)

Tumour location by lobe
Frontal 15 (27.8%)
Temporal 13 (24.0%)
Parietal 5 (9.2%)
Occipital 3 (5.6%)
Cerebellar 2 (3.7%)
Thalamus 2 (3.7%)
Ventricle 2 (3.7%)
Other 6 (11.1%)
Multiple lobes 6 (11.1%)

Tumour location by hemisphere
Left 23 (42.6%)
Right 22 (40.7%)
Bilateral 6 (11.1%)
N/A or unknown 3 (5.6%)

GBM patients (n = 28)
Age (years)
Median 57
Range 26–81

Gender
Female 11 (39.3%)
Male 17 (60.7%)

Resection status
Gross total resection (GTR) 12 (42.9%)
Subtotal resection (STR) 8 (28.6%)
Biopsied 8 (28.6%)

IDH mutation status
Wild Type 27 (96.4%)
Mutant 1 (3.6%)

MGMT methylation status
Methylated 11 (39.3%)
Unmethylated 12 (42.9%)
N/A or unknown 5 (17.9%)

Chemical exchange saturation transfer MRI in central nervous system tumours on a 1.5 T MR-Linac
group implemented CEST on a 1.5 T clinical scanner using a pulsed
saturation scheme [27]. Consistent with findings at higher field
strengths [16–18], we showed associations between treatment
response and CEST metrics measured during chemoradiation in
GBM patients [28]. However, CEST has not been implemented on
MR-guided radiotherapy systems, where it could be used directly
to inform the adaptation of radiotherapy plans based on observed
biological changes of the tumour. This study was the first to inves-
tigate the use of in vivo CEST on a hybrid MR-Linac system and
extends previous work on diagnostic MR scanners at 1.5 T
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[27,28] and 3 T [7–9]. We demonstrate that CEST images can be
successfully obtained within the clinical workflow of MR-Linac
treatment in CNS patients.

The aims of this study were to describe the implementation of
CEST on a 1.5 T MR-Linac (Unity, Elekta AB, Stockholm, Sweden),
including phantom validation, and to present initial results in
CNS patients evaluating (1) cohort differences between the gross
tumour volume (GTV) and contralateral normal appearing white
matter (cNAWM) regions, (2) cohort signal changes during treat-
ment, and (3) the association between CEST signals and tumour
grade.
Materials and methods

Phantom experiment

To evaluate the sensitivity of CEST detection, mixtures of
ammonium chloride (NH4Cl; concentrations {7.8, 15.6, 31.3, 62.5,
125, 250, 500, 1000} mM) doped with 1.0 mM copper sulfate pen-
tahydrate (CuSO4�5H2O) were prepared and imaged using a single-
slice CEST sequence on the MR-Linac with the MR parameters
shown in Supplementary Fig. S1 (same as in vivo scans). The
50 mL tubes containing the mixtures were arranged in a grid fix-
ture and immersed in water. The tubes were oriented parallel to
the B0 field of the scanner and imaged axially.
Study design and image acquisition

All imaging for CNS patients was performed on the 1.5 T MR-
Linac, where patients were treated with radiation. Patients with
GBM and grades II/III astrocytomas received concurrent
chemotherapy. Patients with metastasis received prior chemother-
apy and those with oligodendrogliomas received chemotherapy
either during or post-radiation. All patients were enrolled in the
MOMENTUM study (ClinicalTrials.gov, identifier: NCT04075305)
[29]. The study was approved by the institutional research ethics
board and informed consent was obtained. The anterior and poste-
rior coils, each consisting of four channels (element size = 440 � 1
28 mm) [30], were used for imaging. Patients were immobilized
using thermoplastic mask (Orfit Industries, Wijnegem, Belgium)
and in most cases, positioned in the bore using a fixed indexing
location on the treatment couch. Depending on the disease, there
were a different total number of fractions. GBM patients were
either treated with 60 Gy in 30 fractions or, in 8 cases, 40 Gy in
15 fractions. Brain metastasis cavities were treated with 27.5 Gy
in 5 fractions. An adapt-to-position workflow was used for daily
planning [31] to account for translations in patient positioning.
T1-weighted (T1w) and T2-weighted Fluid-Attenuated Inversion
Recovery (FLAIR) scans were taken on each day of treatment. CEST
images were acquired on the third day of the five-day week [32]
after dose delivery (i.e., during post-beam time immediately after
the radiation treatment), between fractions 1 and 30. The CEST
imaging pulse sequence was previously developed and validated
for a Philips 1.5 T Ingenia [27,28], with the source code recompiled
for the MR-Linac. All MR-Linac imaging parameters, including
CEST, B0, and B1 mapping scans, are included in Supplementary
Fig. S1.

The single axial CEST slice was prescribed by identifying the
superior/inferior (SI) ‘‘z” location of the greatest axial tumour
diameter at the first CEST scan. At subsequent time points, CEST
scans were, in most cases, acquired at the same z-location relative
to the magnet. Scan sessions where the imaged region had a slice
offset greater than 5 mm (i.e., the CEST slice thickness) were
excluded from the analysis. This processing step accounts for
inter-session rotations or translations of the patient anatomy, but
not internal deformations from changes in edema or mass effect.



Fig. 2. MR-Linac CEST maps in CNS patients: Selected CEST parameter maps (MTRAmide, MTRNOE and asymmetry), ordered from the highest to lowest median GTV (black
contour) asymmetry values, are displayed for examples of (A) meningioma, (B) GBM, (C) oligodendroglioma and (D) astrocytoma. T1-weighted images are shown for
anatomical reference. Mean values and standard deviations over the GTV are shown.
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The procedure for slice offset estimation involves rigidly register-
ing all daily T1w images to the first CEST time point. The resulting
transformation matrix was applied to each CEST slice, mapping the
slice to the coordinate system of the first time point. At each (x,y)
location, the slice offset Dz(x,y) was computed and the median
superior-inferior slice offset over the clinical target volume (CTV),
denoted DzSS, was determined for each scan session, as shown in
Supplementary Fig. S2. All image analysis used MATLAB R2018b
(The MathWorks, Natick, MA).
Image processing

The CEST magnetization transfer ratio (MTR) asymmetry,
MTRAmide and MTRNOE metrics were quantified:

MTRAmide ¼ S refð Þ � Sðf Þ
Sðref Þ

MTRNOE ¼ S refð Þ � S �fð Þ
S refð Þ

Asymmetry ¼ S �fð Þ � Sðf Þ
Sðref Þ

Where the signal, S fð Þ, is computed as 1
Df

Pf2
f1Sðf Þ over a range of fre-

quencies Df ¼ jf2� f1j around f = 3.5 ppm (or 224 Hz at 1.5 T) for
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the CEST amide peak and �f for the nuclear Overhauser effect (NOE)
aliphatic peak. S refð Þ is the signal from the reference image (ac-
quired far off-resonance at a frequency offset of 100,000 Hz, or
equivalently, 1566 ppm at 1.5 T, to ensure that there is no satura-
tion of the CEST species for the signal normalization). The three
metrics used for CEST quantification provide distinct information.
The magnetization transfer ratio (MTR) measures the sum of all sat-
uration effects (at the respective amide and NOE frequency offsets
on each side of the z-spectra), and is a non-quantitative metric that
includes CEST and other non-CEST effects (e.g., direct water satura-
tion and magnetization transfer contrast). The asymmetry, or the
difference between MTRAmide and MTRNOE, is a semi-quantitative
metric that removes the direct water saturation and MT effects.
Scans that were acquired with 1.5 and 3 lT were interpolated to
2.5 lT. Correction for the B0 and B1 inhomogeneity was applied
on a voxelwise basis before computing the CEST metrics [27,28].
Each parameter was quantified between 2 and 4 ppm in human
subjects. In phantoms, the quantification was done between 1.3
and 3.3 ppm around the NH4Cl resonance of 2.3 ppm.

The gross tumour volume (GTV) was contoured as part of treat-
ment planning using post-gadolinium T1-weighted images and T2-
weighted FLAIR images. The GTV was propagated to each daily
fraction by rigidly co-registering the CT simulation image to the
(non-contrast) MR-Linac T1-weighted image using FSL FLIRT [33].
HD-BET [56] was used to extract the brain and FSL FAST [33] was



Fig. 3. CEST values in GTV and cNAWM: CEST parameter values with respect to treatment fraction are displayed for (A) MTRAmide, (B) MTRNOE, and (C) asymmetry, for each
ROI (cNAWM and GTV). The number of scan sessions differed between patients. Each point represents a single scan session and connected points are of the same subject, for
n = 54 subjects. The overall means and confidence intervals [2.5%, 97.5%] from mixed effects modelling are shown for each plot. (D) Summary violin plots are shown, after
taking the median across time, for cNAWM and GTV.

Chemical exchange saturation transfer MRI in central nervous system tumours on a 1.5 T MR-Linac
used to automatically segment the white matter regions, followed
by manual selection of contralateral normal appearing white mat-
ter (cNAWM).

For the analysis of tumour grade, necrotic regions and resection
cavities, denoted ‘‘NR” regions, were removed from the GTV to gen-
erate an additional ROI, denoted ‘‘GTV-minus-NR”, that represents
the GTV regions after subtraction of the necrotic regions or resec-
tion cavities. The NR regions were manually drawn by a neuroradi-
ologist with 10 years of experience, based on the co-registered pre-
and post-contrast T1-weighted images that corresponded to the
imaged CEST slice. The post-contrast images were acquired on a
diagnostic scanner that was used for radiation planning, prior to
the treatment. The necrotic regions were drawn at a higher image
resolution (voxel size: 1 � 1 � 5 mm3), then downsampled to the
CEST resolution (voxel size: 2.5 � 2.5 � 5.0 mm3).
Comparisons and statistical analysis

Categorical variables included the diagnosis and WHO grade.
Continuous variables included the median CEST signals (MTRAmide,
MTRNOE and asymmetry). Three comparisons were performed:

1) GTV vs. cNAWM: Mixed effects modelling was used to assess
differences in the median CEST signals (MTRAmide, MTRNOE and
asymmetry) between the two ROIs (GTV and cNAWM) over the
entire cohort, using the ROI as a fixed effect and subject as a ran-
dom effect.

2) Temporal changes: To determine if there were cohort changes
in the CEST parameters over time, the median signals within the
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GTV over treatment fractions were assessed using mixed effects
modelling, with treatment fraction modelled as a fixed effect (con-
tinuous variable) and subject as a random effect. Individual
changes were assessed in those patients with the most stable posi-
tioning over time (Dzss < 1.5 mm).

3) Tumour types and grade: MTRAmide, MTRNOE and asymmetry
values were compared between high- (grades III, IV) and low-
grade (grades I, II) tumours, where differences were assessed with
both Wilcoxon rank-sum tests and univariable logistic regression
for the first treatment fraction of each patient. These were assessed
in each of two ROIs (the GTV with and without necrotic/resected
regions), for each CEST parameter, and for the glioma-only and
CNS cohorts. The medians for each disease category (e.g., GBM,
astrocytomas, brain metastasis cavities) were also computed.

Statistical analysis used R (v4.0.2x64: R Core Team (2020),
Vienna, Austria). The threshold for statistical significance was
0.05 for all hypothesis testing, with unadjusted p-values reported
for all comparisons.
Results

Fig. 1 shows the results of phantom experiments, including
asymmetry maps and plots of the z-spectra at each concentration.
The MTR asymmetry increased with increasing concentration, from
0.41 ± 0.18% (mean ± SD within ROI) for the lowest NH4Cl concen-
tration (7.8 mM) to 34.7 ± 1.1% for the highest concentration
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(1000 mM). This trend in asymmetry supports the hypothesis that
CEST MRI is feasible on a 1.5 T MR-Linac.

Patient characteristics are detailed in Table 1. CNS tumour types
consisted of gliomas (WHO grades I–IV), resected brain metastases
and benign tumours. Two scans were incomplete and were
excluded, as were 10 scans where the median positioning error
across the CTV exceeded 5 mm. The distribution of positioning
errors is shown in Supplementary Fig. S2. After exclusion, there
were 129 scan sessions (n = 54 patients) included in our analysis.
In addition to a variable total number of fractions between patients
(e.g., 27.5 Gy in 5 fractions for brain metastasis cavities, compared
to 60 Gy in 30 fractions or 40 Gy in 15 fractions for GBM), only a
subset of fractions were delivered on the MR-Linac (median of 24
fractions per subject). Reasons include (i) patients having part of
their radiation treatment on another (non-MR-Linac) machine,
(ii) MR-Linac downtime (including both unexpected downtime
such as that required by replacement of hardware and expected
downtime such as public holidays), and (iii) subjects who declined
post-beam imaging for a particular scan session. The median num-
ber of CEST scans was two sessions per subject.

MTRAmide, MTRNOE and asymmetry maps in CNS tumours are
shown in Fig. 2, demonstrating a range of GTV values consisting
of both high asymmetry (=2.3% ± 1.9% as found in a meningioma,
Fig. 2A) and low asymmetry values (=0.3 ± 0.5%, as found for an
astrocytoma, Fig. 2D). In Fig. 3, plots of each CEST parameter value
(MTRAmide, MTRNOE, asymmetry) versus treatment fraction in GTV
and cNAWM are shown. The CEST contrast over the entire cohort
was significantly different between GTV and cNAWM (p < 0.001
for all parameters). Violin plots comparing the median value across
time between GTV and cNAWM are shown in Fig. 3D for each
parameter.

Analysis of signal changes over treatment fractions by mixed
effects modelling over all 54 subjects and 129 scan sessions com-
bined showed an increasing trend in MTRAmide and MTRNOE param-
eters (p < 0.05 for both). Asymmetry showed no significant
association with fraction. CEST signal changes in individual sub-
jects were found in the subset of patients with the most stable slice
positioning (<1.5 mm across scan sessions). Additional results for
the two groups (small shifts of Dzss < 1.5 mm vs. larger shifts of
1.5 mm < Dzss < 5.0 mm) are shown in Supplementary Fig. S3. CEST
signal changes were found only in the group with small slice shifts,
with example subjects displayed in Fig. 4. Fig. 4A shows a subject
with relatively constant MTRAmide and asymmetry GTV signals rel-
ative to the first time point, except for a slight increase in asymme-
try between fractions 16 and 21 (p < 0.05). Pt42 in Fig. 4B shows
increasing MTRAmide signal over time with a decrease in asymme-
try between fractions 14 and 17 (p < 0.05, using t-tests between
time points). In Fig. 4C, additional ROIs were analyzed for subject
Pt50. In both the GTV and ROI 1 (within the GTV), there were
increasing MTRAmide signals over time. There were also temporal
changes outside of the GTV, as seen in ROI 2, where a decrease
was found in the MTRAmide signal. The similarity between the
MTRAmide and MTRNOE signals reflected the results of our previous
study [27] that compared 1.5 T and 3 T in the brain of the same
healthy subject, where similar NOE and amide maps were found
at 1.5 T, compared to 3 T (which had higher NOE). The repeatability
coefficient (RC) and coefficient of variation (CV) for the three CEST
metrics in cNAWM are also shown in Supplementary Fig. S4.

In Fig. 5A, the signals for each disease category are shown after
taking the median signal across all time points for each patient. The
GBM cohort (of which 27/28 were IDH1 wildtype), has the second
lowest median MTRAmide value of 29.5% (cohort IQR = 8.5%) and a
median asymmetry of 0.91% (IQR = 0.41) after averaging over all
time points. It can be seen that resected brain metastasis cavities
have the lowest median MTRAmide value of 28.1% (IQR = 4.6%).
Grade III astrocytomas have higher asymmetry (=0.96%,
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IQR = 1.60%) than grade II astrocytomas (=0.34%, IQR = 0.45%).
One case of ependymoma also has a relatively high asymmetry
value of 0.95%.

Results comparing high- and low-grade tumours are shown in
Fig. 5B for the glioma cohort. In the GTV, there were larger differ-
ences in the amide/NOE MTR values between high- and low-grade
tumours (with median MTRAmide = 29.6% for HG and
MTRAmide = 32.5% for LG, and MTRNOE = 28.0% for HG and
MTRNOE = 31.5% for LG) compared to the GTV-minus-NR region,
where differences were largely eliminated after exclusion of the
necrotic regions and resection cavities, resulting in similar medians
between MTRAmide and MTRNOE (with median MTRAmide = 33.2% for
HG and MTRAmide = 32.5% for LG, and MTRNOE = 32.1% for HG and
MTRNOE = 32.0% for LG). However, in the CEST asymmetry param-
eter, there was slightly greater separation between the two groups
for GTV-minus-NR (with median asymmetry of 0.98% in HG and
0.34% for LG) compared to GTV (with median asymmetry of
0.89% for HG and 0.34% for LG). Plots for the CNS cohort are shown
in Supplementary Fig. S5, with example maps of the GTV and GTV-
minus-NR contours included in Supplementary Fig. S6.
Discussion

Accurate identification of which tumours are responsive to radi-
ation treatment remains a clinical challenge. Obtaining metabolic
information during treatment will improve our understanding of
how CNS tumours respond to treatment. In this study, it was
demonstrated that CEST imaging can be performed on a clinical
1.5 T MR-Linac in patients during radiotherapy. Images obtained
in CNS tumours demonstrated (i) tumour/white-matter contrast,
(ii) CEST signal changes over time and (iii) differences between
high and low tumour grades. Three CEST metrics were quantified.
The asymmetry has been used in numerous clinical applications of
amide proton transfer [34,35], including in previous studies that
investigated tumour grade [19,36]. While not quantitative, the
amide/NOE MTR metrics have been shown to be useful for differ-
entiating tumour from radiation necrosis in brain metastases [23].

CEST signal contrast was found between GTV and cNAWM over
the entire cohort. This is consistent with previous studies on diag-
nostic scanners including at 1.5 T in GBM tumours [28] and at 3 T
in brain metastases patients [37]. Analysis of signal changes in
individual subjects also revealed instances of MTRAmide signal
changes, both increasing and decreasing, depending on the ROI
analyzed. Future analyses of the CEST signals in the MR-Linac
cohort can include the correlation of the cNAWM signal to therapy
response [37,38], as CEST may be sensitive to tumour infiltration in
apparently healthy brain tissue.

In Hong et al. [39] at 4.7 T, histogram analysis shows a decrease
in the tumour APT signals (relative to pre-treatment baseline) at all
time points following radiation treatment (up to 14 days post-
radiation) in glioma models. In another pre-clinical study [40] with
temozolomide-only treatment, a reduction in the APT ratios (nor-
malized by the contralateral signal) is apparent following treat-
ment in glioma mouse models, whereas the ratios in untreated
controls continued to increase. In our study, changes in both direc-
tions were observed in the CEST metrics. Moreover, it was found
that the trend can depend on the chosen ROI (Fig. 4C). The changes
could be due in part to post-surgical effects in tumours that were
partially or completely resected. Nevertheless, changes were found
outside of the GTV (as in Fig. 4C, ROI 2), suggesting that analysis of
peritumoural FLAIR-hyperintense regions [28,41], which are
known to harbour tumour cells in gliomas [42], would be worth-
while for the evaluation of CEST signals for outcome prediction,
and will be included in more comprehensive future analyses.
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Joo et al. [22] found that CEST can distinguish between benign
and atypical meningiomas, with atypical meningiomas having sig-
nificantly greater asymmetry than benign meningiomas (2.46% vs.
1.67%; p < 0.001). The benign meningioma in our study, shown in
Fig. 2A, had one of the highest asymmetry values (2.3 ± 1.9%),
which is larger than that of the benign meningiomas from Joo
et al., but was lower than their reports of atypical meningioma
asymmetry. Grades II and III astrocytomas had relatively high
MTRAmide (median = 33.6%, IQR = 22.5%) in comparison to GBM.
The lower MTRAmide values in GBM demonstrated in our study
compared to other tumours could be reflective of necrotic regions
inherent in GBM tumours.

Lower MTRAmide and MTRNOE values for high-grade tumours in
the GTV compared to the GTV-minus-NR region suggest that
necrotic or resected regions (within the GTV) are sources of differ-
ences between high- and low-grade tumours, when included in the
ROI. This is consistent with previous studies showing that radiation
necrosis is associated with lower MTRAmide and MTRNOE values
compared to active tumour [23]. Our results showed that the
asymmetry was largely unaffected by the removal of necrotic
regions, with slightly better separation (and lower p-values) in
the glioma-only cohort between high- and low-grade tumours.
The trends in asymmetry were consistent with literature reports
[19,36] at field strengths higher than 1.5 T, showing increased
asymmetry in high-grade tumours. As our study is exploratory,
with relatively few patients in each group, two tests were investi-
gated. For the Wilcoxon rank-sum test, the continuous outcome
variables were the three CEST parameters (MTRAmide, MTRNOE and
asymmetry) to compare between high- and low-grade cohorts.
For logistic regression, the binary outcomes were the high- and
low-grade categories. Both methods yielded differences in the
asymmetry parameter (although without correction for multiple
testing) for both GTV and GTV-minus-NR in the glioma cohort.
Fig. 4. CEST signal changes over time: Maps with histograms over the GTV region acro
denoted by ‘‘Fx”. (A) An example is shown of a case (Pt03) where the signals stayed relativ
asymmetry remained relatively constant across treatment fractions. (C) In this patient (P
ROI 1 within the GTV, whereas decreasing values were found in ROI 2, outside of the G
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Significant differences in CEST metrics were found between
high- and low-grade tumours, which has not previously been
demonstrated at 1.5 T. These results reflect similar findings from
other authors at 3 T [19,36]. Togao et al. [19] at 3 T additionally
demonstrated positive correlations of the asymmetry signal to
the Ki-67 labelling index, a marker of cell proliferation and to the
histologically determined cell density. They found significant
asymmetry differences between the low-grade (2.1 ± 0.4%) and
high-grade groups (3.9 ± 1.1%). Although our results showed simi-
lar trends between high and low grades, the asymmetry values
obtained were substantially lower for both categories (with asym-
metry of 0.93% CI = [0.78, 1.1] for high grade and 0.59% CI = [0.13,
1.1] for low-grade tumours). Future analyses would benefit from
larger sample sizes and also from correlation with histopathologi-
cal features including markers of cell density and proliferation.

One of the limitations of our study is that a single slice acquisi-
tion was used to image the tumour over time. The use of automatic
MR planning approaches that take into account rotations and
translations would be an alternative approach for selecting the
same slice compared to previous sessions. However, this may not
account for tumour changes or mass effect. In future studies, using
volumetric CEST imaging to cover the entire tumour [43–45]
would ensure minimal sensitivity to positioning errors, and,
together with 3D registration between the sessions, the same brain
tissue could be followed over time for guiding 3D radiotherapy
plan adaptation based on CEST MRI. Parallel imaging with CEST
[46] could be explored together with improvements in the imaging
hardware, including radiolucent head coils with conforming coil
elements and higher channel counts [47], which could help to
accelerate volumetric CEST acquisitions. Obtaining baseline mea-
surements prior to starting chemoradiation or surgery would be
valuable for ascertaining the underlying causes of CEST signal dif-
ferences. There could have been imperfect estimation of the CEST
ss treatment fractions are shown for three GBM patients. The fraction number is
ely constant over time. (B) In Pt42, there was an increasing MTRAmide signal whereas
t50), significant changes were found in MTRAmide. Increasing values were detected in
TV. Asymmetry changes can be detected relative to the first time point.



Fig. 5. CEST signals across tumour types and grades: (A) Plots of the MTRAmide and asymmetry values are shown for the disease categories included in this analysis. Grades II
and III astrocytomas are plotted in separate categories. One astrocytoma was omitted, as it had unknown grade due to radiological diagnosis. The ependymoma and
schwannoma categories each had one case. (B) Violin plots of the high (WHO grades III and IV) and low grade (I and II) lesions are shown for each ROI, GTV and GTV-minus-NR
(representing the GTV without the necrotic regions or resection cavities), and each CEST parameter. Two p-values, from the univariable logistic regression (L) and Wilcoxon
rank-sum tests (W), are reported. Bolded p-values represent significance (p < 0.05) without correction for multiple testing.
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slice locations, for example, in the 2D-to-3D registration step to
register the CEST slice to the T1-weighted volume within the same
session (using mutual information as a metric). While both trans-
lations and rotations were computed between sessions (using 3D
registration of the T1-weighted images), it was assumed in the
2D-to-3D registration that there was only translation in the SI
direction between the CEST slice and T1-weighted volume within
the session.

Another limitation in this study is that there was no correction
for T1, T2, or magnetization transfer (MT) signal contributions to
the observed CEST signal. The parameters assessed (in particular,
the MTRAmide and MTRNOE) are influenced by T1, T2, MT and the
direct saturation effect. MT would result in higher MTRAmide and
MTRNOE values than if there were only a pure CEST effect. Some
effects that are symmetric about the water peak in the z-spectra
(including MT or direct saturation) are removed in the semi-
quantitative CEST asymmetry metric. A direction for future analy-
sis would be to use relaxation-compensated CEST metrics (e.g.,
AREX [48] or other methods [49,50]) to minimize T1 and other
non-CEST contributions to the observed CEST signal. This would
be possible by incorporating into our analysis the quantitative T1,
T2, MT data acquired on separate days as part of our larger
multi-parametric imaging protocol [32]. CEST parameters within
the GTVs were used, but quantification in tumour ROIs that have
more spatially homogeneous signals (e.g., in core, peripheral or
147
FLAIR hyperintense regions) can be considered [28,41,51,52]. Cor-
relations of the CEST signal with tumour volume [53] and CEST sig-
nal variation across tumours need to be further investigated. The
variations could depend on tumour location, surgical resection sta-
tus and genetic subtypes (including O6-methylguanine-DNA-met
hyltransferase (MGMT) methylation status, isocitrate dehydroge-
nase (IDH) mutation status). Clinical factors could additionally be
included in a predictive model when clinical outcome data become
available.

The reason for exploring the use of CEST MRI on the MR-Linac is
to monitor tumour response to radiation treatment. This applica-
tion is supported by previous studies [16–18,28] for assessing
response to chemoradiation, and other studies showing CEST to
be sensitive to changes in tumour metabolism, including the levels
of mobile proteins or pH [34,54,55]. If CEST signals detected during
radiation could reveal areas of residual active tumour or areas of
increased tumour metabolism, then alternative treatment strate-
gies including CEST image-guided dose escalation [12] could be
applied on the MR-Linac.
Conclusions

In vivo CEST imaging of brain tumours on a clinical 1.5 T MR-
Linac system is feasible within the routine clinical workflow.



Chemical exchange saturation transfer MRI in central nervous system tumours on a 1.5 T MR-Linac
Preliminary results in 54 patients demonstrated significant CEST
signal contrast between tumour and cNAWM. Cohort signal
changes over treatment fractions in amide/NOE MTR and changes
in individual patients over time could be detected. There were dif-
ferences in the CEST asymmetry signal between high- and low-
grade tumours. Differences in the MTRAmide and MTRNOE between
high- and low-grade tumours were driven by the necrotic regions
or resection cavities. Our findings show that CEST holds promise
for obtaining metabolic information on the MR-Linac throughout
radiotherapy and may aid in treatment monitoring. Correlation
with clinical outcomes will be required to determine the suitability
for radiation treatment guidance.
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