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Abstract
Purpose Quantitative MRI (qMRI) was performed using a 1.5T protocol that includes a novel chemical exchange satura-
tion transfer/magnetization transfer (CEST/MT) approach. The purpose of this prospective study was to determine if qMRI 
metrics at baseline, at the 10th and 20th fraction during a 30 fraction/6 week standard chemoradiation (CRT) schedule, and 
at 1 month following treatment could be an early indicator of response for glioblastoma (GBM).
Methods The study included 51 newly diagnosed GBM patients. Four regions-of-interest (ROI) were analyzed: (i) the radia-
tion defined clinical target volume (CTV), (ii) radiation defined gross tumor volume (GTV), (iii) enhancing-tumor regions, 
and (iv) FLAIR-hyperintense regions. Quantitative CEST, MT,  T1 and  T2 parameters were compared between those patients 
progressing within 6.9 months (early), and those progressing after CRT (late), using mixed modelling. Exploratory predic-
tive modelling was performed to identify significant predictors of early progression using a multivariable LASSO model.
Results Results were dependent on the specific tumor ROI analyzed and the imaging time point. The baseline CEST asym-
metry within the CTV was significantly higher in the early progression cohort. Other significant predictors included the  T2 
of the MT pools (for semi-solid at fraction 20 and water at 1 month after CRT), the exchange rate (at fraction 20) and the 
MGMT methylation status.
Conclusions We observe the potential for multiparametric qMRI, including a novel pulsed CEST/MT approach, to show 
potential in distinguishing early from late progression GBM cohorts. Ultimately, the goal is to personalize therapeutic deci-
sions and treatment adaptation based on non-invasive imaging-based biomarkers.
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Introduction

Glioblastoma multiforme (GBM) is the most common and 
aggressive primary malignant brain tumor [1, 2]. Despite 
standard treatment which involves surgical resection fol-
lowed by 6 weeks of chemoradiation (CRT) with concur-
rent temozolomide chemotherapy and radiation [3], the 
overall survival (OS) for newly diagnosed GBM patients 
remains poor with median overall survival rates rang-
ing from 15 to 18 months [1, 2]. Identification of which 
patients will progress within the 6.9 month median pro-
gression-free-survival (PFS) rate, as observed in the prac-
tice-defining Stupp [3] randomized trial, remains a chal-
lenge with clinical implications for treatment adaptation.

Saturation transfer MRI, including quantitative mag-
netization transfer (qMT) [4, 5] and chemical exchange 
saturation transfer (CEST) [6], has been shown to add 
quantitative MRI (qMRI) based functional information for 
monitoring response to therapy at field strengths of 3T and 
above. Magnetization transfer (MT) is based on indirectly 
imaging semi-solid bound macromolecules (e.g., lipids 
of myelinated neurons). Chemical exchange saturation 
transfer (CEST) provides novel image contrast in MRI [7, 
8] from exchangeable protons including those of mobile 
proteins. Specifically, amide proton transfer (APT) CEST 
[9], which relies on the saturation of the amide protons 
including those within peptide bonds, shows signals in 
brain tumors [10] related to increased levels of proteins 
and peptides [9, 11–13]. The APT CEST signal can dif-
ferentiate pseudoprogression from true progression [14], 
separate radiation necrosis from tumor progression [15] 
and correlate with tumor grade and markers of cell prolif-
eration [16, 17]. Specific to glioma, CEST studies at both 
3T and 7T have suggested the potential to predict response 
to therapy [15, 18–20] and offer unique signal characteris-
tics [21–23] and sensitivity to pH [24].

Prior to this study, CEST in brain tumors has not been 
performed below 3T. However, CEST at 1.5T would ena-
ble broader use in MR-guided radiotherapy systems [25, 
26], including those with an integrated linear accelerator 
(LINAC) and on-board split bore MRI at 1.5T or lower 
field strengths [27]. Our previous work [28] extended 
in vivo CEST imaging to field strengths below 3T using 
a pulsed saturation method, but the study was limited to 
validation in the healthy brain and had not been performed 
in brain tumors. The aim of the present study was two-
fold: (i) to demonstrate that CEST can be performed in 
GBM at 1.5T and gives a reliable signal in tumors and (ii) 
to assess any differences between early and late progres-
sion cohorts, using CEST, qMT and other qMRI metrics 
in patients undergoing CRT, for determining the potential 
for response monitoring at 1.5T. Patients were imaged 

with CEST, MT, quantitative  T1-mapping and  T2-mapping 
MRI sequences at baseline (for treatment planning), after 
receiving the 10th and 20th fractions during the 6 weeks 
of CRT and lastly at 1 month post-CRT.

Methods

Study design

This prospective imaging study was approved by the Insti-
tutional Research Ethics Board. Patients were treated with 
standard of care radiation therapy consisting of 54–60 Gy 
over 30 fractions using intensity modulated radiotherapy 
(IMRT) concurrent with temozolomide. Radiation treatment 
was given once daily over 6 weeks excluding weekends and 
statutory holidays. The MRI sequences were determined a 
priori (Supplementary Table S1) at four time points—before 
radiation treatment (“Fx0”) for treatment planning, at frac-
tion 10 (“Fx10”) and 20 (“Fx20”) during CRT and at the 
1 month timepoint following the final treatment fraction 
(“P1M”) using a 1.5T Philips diagnostic MRI scanner. 51 
consecutive patients were included in the analysis and the 
inclusion criteria are summarized in Supplementary Fig. S1.

Early or late progression

For each patient, tumor response was assessed and the time 
to progression, in number of days, from the Fx0 scan was 
recorded. Patients with tumors that progressed before or 
after 6.9 months (= 209 days) [3] were assigned to early 
and late progression categories, respectively. This time point 
was chosen based on the median PFS observed in patients 
treated with CRT on the Stupp trial [3]. Progression was 
defined based on the BRAIN-RANO response criteria for 
high-grade gliomas [29]. Late progression included patients 
who had stable imaging and clinical status at 6.9 months but 
who eventually relapsed.

MR imaging

MR imaging was conducted at 1.5T using an Ingenia diag-
nostic MRI (Philips Medical Systems, Best, Netherlands) 
with a 16-channel head coil. Standard clinical sequences 
included: pre-contrast  T1-weighted (“T1w”), post-contrast 
 T1w (“T1w + C”), FLAIR and DWI scans. A pulsed satu-
ration sequence [28] was used for CEST/MT saturation to 
overcome the RF amplifier limitations. For CEST and MT, 
placement of the axial slice was based on identifying the 
largest extent of the tumor referenced on the first MRI time 
point. The WAter Shift And B1 (WASABI) sequence [30] 
was used for simultaneous pixelwise estimation of the  B1 
scaling and  B0 frequency shift.  T1 mapping was performed 
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with a spoiled gradient echo sequence and  T2 mapping was 
performed with a  T2-weighted multi-echo sequence to obtain 
an observed  T2. The MR parameters are shown in Supple-
mentary Table S1.

MT and CEST parameter fitting

Pulsed saturation data were fitted using the Bloch-McCo-
nnell equations with exact RF amplitudes and precise scan 
timings [31], with gradient spoiling accounted for using 
the EPG method as in previous work [28]. MT parameters 
included the semi-solid pool fraction (M0

B) relative to water, 
the  T2 relaxation time of the semi-solid pool (T2

B), the  T2 
relaxation time of the water pool (T2

A) and the exchange rate 
(R). CEST parameters included the CEST asymmetry, the 
magnetization transfer ratios  MTRAmide and  MTRNOE [18] 
and, after removing the MT contributions using previous 
extrapolation methods [28, 32, 33], the amide and nuclear 
Overhauser effects (NOE) areas. The CEST signal was aver-
aged between 2 and 4 ppm, and the Z-spectra from the two 
nominal RF amplitudes (acquired at 1.5 and 3 μT) were 
interpolated to 2.5 μT. To generate the asymmetry maps, 
the z-spectra were centered (voxelwise) using the estimated 
 B0 before quantification between 2 and 4 ppm. This large 
frequency offset range was used to increase SNR. Detailed 
methods and the processing pipeline to derive each param-
eter are described in a previous study that included CEST 
scans at 1.5T in a healthy subject [28]. CEST z-spectra are 
provided, where differences between the positive and nega-
tive side of the z-spectra were plotted to display the asymme-
try. Numerical simulations were processed using MATLAB 
v2016b (The MathWorks, Natick, MA).

Image registration

The post-contrast  T1-weighted and FLAIR volumes were 
rigidly co-registered to the first pre-contrast  T1 volume (at 
Fx0) for each subsequent time point (i.e., Fx10, Fx20 and 
P1M) using FSL (FMRIB, Oxford, UK; http://www.fmrib 
.ox.ac.uk/fsl) [34]. For the CEST scans, rigid 2D motion 
correction was performed using FSL prior to parameter 
estimation. Slices that corresponded to the scanned CEST/
MT slices were extracted from the  T1-weighted and FLAIR 
volumes.

Regions of interest (ROIs)

Radiotherapy ROIs included the gross tumor volume (GTV) 
and clinical target volume (CTV), which were drawn sepa-
rately at each imaging time point (Fx0/Fx10/Fx20/P1M) on 
the post-contrast  T1-weighted volumes for each patient. The 
GTV included the residual gross tumor and surgical cavity. 
The CTV was delineated by applying a 1.5 cm volumetric 

expansion beyond the GTV while respecting normal ana-
tomic boundaries to tumor routes of spread. The GTV and 
CTV contours from each time point were registered to those 
of the Fx0 imaging volumes by applying the identical trans-
formation that resulted from the registration of each Fx10/
Fx20/P1M set of images to the Fx0 scan. These contours 
were then modified by excluding voxels outside of the brain 
and ventricles to remove confounding contributions from 
cerebrospinal fluid. Future instances of “GTV” and “CTV” 
will refer to these modified contours.

Volumetric contours representing the  T1C-enhancing 
 (T1CENH) region and the FLAIR-hyperintense  (FLAIRHYP) 
regions were contoured based on the 3D  T1w + C and 3D 
FLAIR images, by manual segmentation assisted by auto-
matic thresholding using AMIRA Software (v2019.2, 
Thermo Fisher Scientific), excluding necrotic areas and 
hemorrhagic tissue within the surgical cavity. Areas of 
intrinsic  T1 hyperintensity, representative of hemorrhagic 
material, was excluded for  T1CENH contours by slice-by-slice 
comparison with pre-contrast images during contouring, and 
verified by a neuroradiologist with 9 years of experience. 
The  T1CENH regions were excluded from the  FLAIRHYP con-
tours so that the regions do not overlap. The resection cavi-
ties within the enhancing rim were included in the CTV and 
GTV regions, but were manually excluded from the  T1CENH 
and  FLAIRHYP regions. The contours at the CEST/MT slice 
were extracted for analysis. Contours without enhancement, 
or those that did not overlap with the CEST/MT slices, 
were excluded from analysis (see Supplementary Fig. S2). 
In addition, regions in the contralateral normal appearing 
white matter (cNAWM) were drawn for the slice of interest, 
ensuring no overlap with the tumor.

Statistical analysis

Parameter value differences

Comparisons were performed between (i) GTV and 
cNAWM, and (ii) early and late progression cohorts. Dif-
ferences in parameter values between the GTV and cNAWM 
were compared with Wilcoxon signed-rank tests and cor-
rected for multiple testing with the Hommel method [35]. 
Differences in parameter values between early and late pro-
gression were individually assessed for each parameter and 
ROI combination with linear mixed effect models. Mean 
parameter value differences between early and late progres-
sion were modelled as a fixed effect. Changes in mean value 
differences at different time points were also modelled as a 
fixed effect using an interaction term with time as a categori-
cal variable. Individual subjects were modelled as a random 
effect on the intercept representing the parameter value at 
Fx0. Between early and late cohorts, multiple testing adjust-
ment was not performed due to the hypothesis-generating 

http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
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nature of this study [36]. An alpha threshold of 0.05 was 
used for statistical significance.

Exploratory predictive modelling

Each unique parameter, ROI and timepoint combination 
was considered to be a potential predictor of early vs. late 
progression status. An initial univariate selection of poten-
tial predictors was done using a p value threshold of 0.05 
for entry into the multivariable predictive model. Missing 
values for significant predictors were imputed using mul-
tivariable imputation by chained equations [37] (package 
“mice” v3.9.0) before multivariable modelling. We used 
the model selection and averaging techniques published by 
Schomaker and Heumann [38] (package “MAMI” 0.9.13) 
to obtain the exploratory predictive model, accounting 
for multiple imputation. The following parameters were 
used for the model selection algorithm: model = “bino-
mial”, method = “LASSO”, kfold (k-fold cross valida-
tion to tune the Lambda hyperparameter in the “glmnet” 
package [version 4.0-2]) = 10, cvr = FALSE (no shuffling 
of validation sets for reproducibility), CI 0.95 (95% con-
fidence interval) and inference = “+boot” (bootstrap con-
fidence interval construction), with B = 100 (number of 
bootstrap replications). Default values were accepted for 
other parameters. Exploratory multivariable predictive 
models were evaluated using the Hosmer–Lemeshow test, 
its concordance (C)-statistic and accuracy to demonstrate 
feasibility. After the model based on qMRI predictors with 
the best performance was generated, five additional clini-
cal characteristics including age, sex, extent of resection, 
 O6-methylguanine-DNA-methyltransferase (MGMT) meth-
ylation status and isocitrate dehydrogenase (IDH) mutation 
status, specifically the IDH1-R132H status, were added to 
qMRI-based model one by one. Any clinical characteristic 
that significantly contributed to the model was retained. All 
statistical analysis was carried out in R (v3.6.2 x64: R Core 
Team (2019), Vienna, Austria).

Results

In this prospective study, 15/51 (29.4%) had a gross total 
resection (GTR) with the remaining having had a sub-
total resection (STR) (28/51 = 54.9%) or stereotactic 
biopsy only (8/51 = 15.7%). One patient was treated on 
the basis of radiographic features consistent with a high-
grade glioma. 48/51 (94.1%) did not have the IDH1-
R132H mutation (wild type) and 21/51 (41.2%) were 
 O6-methylguanine-DNA-methyltransferase (MGMT) pro-
moter unmethylated. At baseline, 23 patients progressed 
within 6.9 months (i.e., early progression) and 28 rep-
resented the late progression cohort. One patient (with 

unknown MGMT status, who was imaged only at baseline) 
developed rapid clinical decline and received 10 fractions. 
Table 1 summarizes the patient and tumor characteristics.

In Fig. 1a, example maps of the  T1,  T2, MT semi-solid 
fraction (M0

B), CEST asymmetry and the CEST amide mag-
netization transfer ratio  (MTRAmide) are shown. Compared 
to surrounding brain regions, the tumor exhibited greater  T1, 
 T2 and CEST asymmetry, and lower MT semi-solid fraction 
and  MTRAmide. On the post-contrast  T1-weighted images, the 
residual enhancing surgical bed evolved with greater periph-
eral enhancement surrounding an area of central necroses 
at the last two time points (Fx20 and P1M). The extent of 
peritumoral edema visualized on the FLAIR images also 

Table 1  Patient characteristics: clinical details of patients included 
in the analysis are shown, including age, sex, tumor location, gross 
tumor volume, resection status, isocitrate dehydrogenase (IDH) muta-
tion and  O6-methylguanine-DNA-methyltransferase (MGMT) pro-
moter methylation status

Variable Data

Number of patients 51
Age (years)
 Median 56
 Range 19–68

Sex
 Male 29
 Female 22

Tumor location by lobe
 Parietal 10
 Frontal 14
 Temporal 17
 Occipital 2
 Other 8

Tumor location by hemisphere
 Left 27
 Right 18
 Bilateral or central 6

Gross tumor volume at baseline (cc)
 Median 19.8
 Range 1.1 – 141.2

Resection status
 Subtotal resection (STR) 28
 Gross total resection (GTR) 15
 Not resected or Biopsied 8

IDH mutation status
 Wild type 48
 Mutant 2
 Unknown 1

MGMT methylation status
 Methylated 24
 Unmethylated 21
 Unknown 6
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Fig. 1  Example quantitative parameter maps and regions of inter-
est: a Standard clinical images are shown including the post-contrast 
 T1-weighted  (T1w + C) and FLAIR images. Quantitative maps are 
shown for the  T1 relaxation time,  T2 relaxation time, MT semi-solid 
fraction (M0

B), CEST asymmetry and the CEST amide magnetiza-
tion transfer ratio. Images are shown for all four imaging time points 
(before radiation therapy, at 10 fractions, at 20 fractions and 1 month 
after the last treatment fraction) of a patient who had late progres-

sion (i.e., after 6.9  months). b Radiotherapy contours for the gross 
tumor volume (GTV) and clinical target volume (CTV) are shown 
at 1  month after the end of radiation therapy for the same exam-
ple case (outlined in yellow and green, respectively). The contours 
shown have been modified compared to the original GTV and CTV 
by excluding the ventricle and skull regions.  T1C-enhancing  (T1CENH) 
and FLAIR-hyperintense  (FLAIRHYP) regions are represented by the 
shaded areas (in orange and blue, respectively)
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changed; in particular, from the baseline to Fx10. Figure 1b 
illustrates the standard GTV and CTV contours, and the 
 T1CENH and  FLAIRHYP (which excluded necrotic tumor 
regions and the surgical cavity).

Compared to cNAWM, tumors had significantly higher 
median  T1 and  T2, lower MT semi-solid fractions, and higher 
CEST asymmetry at all time points, as shown in Fig. 2. 
Except for T2

B, exchange rate (R), the CEST NOE area (for 
all time points) and the amide area (for the Fx20 and P1M), 
all qMRI values were significantly different between the 
GTV and cNAWM regions for all time points (p < 0.001 
after Hommel correction for multiple testing).

Comparisons of the qMRI values between early and late 
progression cohorts are provided in Fig. 3. The baseline 
CEST asymmetry in the CTV was significantly higher in 
early progression compared to late progression (unadjusted 
p = 0.003). Other significantly different parameters included 
the  T1 relaxation time (at Fx0), semi-solid T2

B (at Fx20), 
water pool T2

A (at P1M) and the exchange rate (at Fx20). 
Baseline maps of representative subjects are provided in 
Supplementary Figure S3 for the MT semi-solid fraction, 
CEST asymmetry and amide area. To illustrate the reli-
ability of detecting a CEST signal at 1.5T in GBM tumors, 
zoomed-in CEST asymmetry maps for the first 10 patients 
are provided in Supplementary Fig. S4. As shown, the 
CEST asymmetry maps at 1.5T are visually distinct between 
patients, with consistent spatial signatures across the time 
points and with some signal changes seen over the course 
of therapy. In Supplementary Fig. S5, it can be seen that the 
CEST asymmetry, although small (relative to higher field 
strengths or when continuous RF saturation can be used), is 
detectable and is visible on the CEST z-spectra. Spatial vari-
ations of the signal were observed; an example is shown of a 
tumor that had two regions with differing intensities on the 
CEST asymmetry map. The z-spectra are shown separately 
for these tumor regions and for cNAWM, which exhibited 
lower asymmetry.

A summary of the parameter differences across all qMRI 
metrics is provided in Fig. 4a. ROC curves from the explora-
tory predictive modelling are shown in Fig. 4b (computed 
with qMRI parameters only) and Fig. 4c (with added clinical 
factors). With qMRI parameters only, three potential predic-
tors that may indicate early tumor progression were found 
(CEST asymmetry, the semi-solid T2

B and the exchange rate 
at the ROIs and time points listed in Fig. 4b), resulting in a 
maximum predictive accuracy of 0.79 for early progression 
status (95% confidence interval: 0.78–0.79), with a C-sta-
tistic of 0.84 (95% CI 0.84–0.85). When MGMT methyla-
tion status was added, the predictive accuracy improved to 
0.87 (95% CI 0.86–0.87) with a C-statistic of 0.87 (95% CI 
0.87–0.88). Unmethylated MGMT significantly increased 
the odds of early progression, with an odds ratio of 3.93 
(95% CI 1.00–30.9). Conversely, MGMT status alone was 

a poor predictor of early progression status without qMRI 
predictors (Fig. 4c). In this cohort, age, sex, extent of resec-
tion and IDH mutation status did not augment the model.

Discussion

This study investigated CEST/MT as part of a 1.5T qMRI 
protocol in 51 patients with GBM undergoing CRT. Our 
study builds upon previous studies at 3T [18, 39], and fur-
thers it to qMRI metrics including CEST at 1.5T for which 
the GBM tumor signal had not previously been quantified. 
Differences between early and late progressors show prom-
ise for these qMRI metrics to be used as non-invasive imag-
ing biomarkers of biologic response. The differences were 
found to vary across the regions, likely owing to the spatial 
heterogeneity within GBM tumors. Differences between the 
 T1CENH contour and the GTV were most likely driven by the 
necrotic regions and also, for resected tumors, the surgical 
cavities, that were part of the GTV (and CTV) but which 
were excluded from the  T1CENH (and  FLAIRHYP) regions.

Significant differences between the GTV and cNAWM 
signals included the CEST asymmetry and amide area (for 
Fx0 and Fx10), confirming the detectability of CEST sig-
nal changes in GBM even at 1.5T. As reported [18], the 
CEST signal patterns differed from other maps, suggesting 
that CEST may be providing additional metabolic informa-
tion. The lack of significant differences in the amide area at 
Fx20 and P1M could be related to previous findings [40] of 
altered signals in the cNAWM in GBM patients compared to 
healthy brain tissue. For MT, lower semi-solid fractions in 
tumors are likely related to the loss of white matter resulting 
in a different macromolecular composition compared to the 
normal brain [41, 42].

The baseline CEST asymmetry (in CTV) differentiated 
between early and late progression. This is in accordance 
with pre-treatment measurements from previous studies 
(one performed at 3T [18] and two performed at 7T [19, 
20]), which showed significantly higher APT in patients 
with early progression. Similar to mixed modelling results, 
exploratory predictive modelling also identified CEST 
asymmetry as a predictor at baseline (Fx0) in the CTV. 
Signal changes after the start of CRT did not reveal any 
CEST metrics to be different between early and late pro-
gression cohorts, similarly observed in a previous study 
[18]. No significant differences were seen in the NOE 
parameters between early and late progression cohorts. 
Previous experiments performed in the healthy brain 
demonstrated that the relayed NOE was decreased at 1.5T 
compared to 3T [28]. High APT signals are speculated 
to be related to an increased proportion of small protein 
fragments and peptides [11, 19], with pH suggested to 
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Fig. 2  Comparison between GTV tumor and cNAWM regions: Mean 
values (represented by black dots) over the entire patient cohort in the 
gross tumor volume (GTV) and contralateral normal appearing white 
matter (cNAWM) regions are shown for 11 parameter maps:  T1,  T2, 
the MT parameters (semi-solid fraction “M0B”,  T2 relaxation of the 
water pool “T2A”,  T2 relaxation of the semi-solid pool “T2B” and 

exchange rate “R”) and the CEST parameters (asymmetry “Asym”, 
amide area “Amide”, NOE area “NOE”, magnetization transfer ratio 
for amide “MTRA” and for NOE “MTRN”) across the four imag-
ing time points (Fx0, Fx10, Fx20 and P1M). The lines show the 
smoothed means with 95% confidence interval. Top and bottom 2.5th 
percentiles of the violin plots are trimmed
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have less contribution [19, 43, 44]. The underlying causes 
of CEST signal changes due to therapy remains an active 
area of research.

For MT, previous work [39] at 3T reported higher base-
line fractions with minimal subsequent change after treat-
ment in patients with early progression, compared to larger 
increases in late progression after treatment. In our study, 
several MT parameters differentiated between early and late 
progression, with exploratory predictive modelling identi-
fying T2

B and the exchange rate as predictors. Interestingly, 
the semi-solid fraction was not identified as a significant 
predictor, which could be related to correlations between 
the MT parameters.

Increasing  T1 and  T2 relaxation times in tumor GTV val-
ues during treatment were consistent with a previous report 
[45]. The baseline pre-contrast  T1 relaxation time in the 
 T1CENH region differentiated between early and late progres-
sion. Studies comparing the pre- and post-gadolinium  T1 
maps found that an early volume decrease in the “cloudy-
enhancing” tumor compartment predicted longer PFS [46], 
which warrants further investigation of  T1 mapping for treat-
ment monitoring.

Exploratory predictive modelling showed that both qMRI 
and clinical factors were required to achieve maximum pre-
dictive accuracy for early progression. CEST asymmetry, 
MT metrics (i.e., T2

B, R) and MGMT status were significant 

Fig. 3  Early and Late tumor progression: The mean values with vio-
lin plots for the early (dark grey) and late (light grey) progression 
cohorts are shown for a subset of the parameters a  T1, b  T2, c MT 
semi-solid fraction “M0

B”, d CEST asymmetry “Asym” and e amide 

area “Amide”, for each ROI (CTV,  FLAIRHYP, GTV,  T1CENH) over 
the four time points (Fx0, Fx10, Fx20 and P1M). The lines show 
smoothed means with 95% confidence interval. Top and bottom 2.5th 
percentiles of the violin plots are trimmed
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predictors, with time points of significance at baseline and 
at Fx20. The implications of early identification of progres-
sion could be to abandon treatment in cases of clinical dete-
rioration, to switch therapy, dose escalate the radiotherapy 
regimen, and inform the participation in clinical trials or 
reoperation. This study suggests potential for qMRI to bet-
ter inform patient care such that eventually clinical practice 
becomes personalized to an individual’s tumor [25].

This study has a number of limitations. First, a single 
slice was used for the saturation sequences, which may intro-
duce errors in slice positioning. More accurate positioning 
is achievable on the MR Linac Elekta Unity (Elekta AB, 
Stockholm, Sweden) where the patient is immobilized and 
indexed to the radiation unit [27], and with the implementa-
tion of 3D techniques. It remains challenging to extract only 
the APT signal and there could have been residual influences 
from non-CEST parameters. There also could have been 
contributions from overlapping metabolites [47], especially 
with reduced spectral separation at 1.5T compared to at 3T, 
as well as the wider frequency offset range of 2–4 ppm used 
in the quantification to increase SNR. In the GTV and CTV 
contours, hemorrhagic regions within the surgical cavity, 
possibly unrelated to radiation treatment, could have influ-
enced the signal. Hemorrhagic changes are known to cause 
changes in the  T1 and  T2 [48], and indirectly, this could 
have affected the MT and CEST signals. The CEST signal 
between early and late progression cohorts were seen to have 
substantial overlap at the individual subject level. Compared 

to a 3T GBM study comparing progressors and non-progres-
sors [18], there was greater overlap at 1.5T. More investiga-
tion will be needed to determine whether CEST, although 
reliable for detecting a tumor signal at 1.5T, could be used 
to distinguish between these cohorts on an individual 
patient level. Contributors of this overlap may include dif-
fering tumor location, resection status and genetic subtype. 
The ability of CEST alone, without other qMRI variables, 
for distinguishing early and late progression remains to be 
confirmed in larger studies. However, good differentiation 
between tumor and cNAWM tissue demonstrates that a reli-
able tumor signal can be obtained using CEST at 1.5T.

Since the resection cavity was excluded from the  T1CENH 
and  FLAIRHYP contours, subjects with GTR compared 
to STR would likely have fewer voxels remaining in the 
 T1CENH and  FLAIRHYP regions for analysis, and may cause 
the median values to be less representative. For the GTV 
and CTV regions (which had included resection cavities), 
the size and contents of the cavity (including hemorrhagic 
tissue) would influence the signal for all qMRI parameters. 
Although the qMT semi-solid fractions are relatively low 
near or within the resection cavity, the CEST signal may be 
affected by protein and peptide levels, or pH changes within 
the cavity.

Although this study comprised the largest sample size of 
its kind to date, external validation in larger cohorts such as 
a multi-institutional consortium [49] are critical to improve 
the reliability of future models. The end points of this study 

Fig. 4  Parameter differences and exploratory predictive modelling: a 
Significant differences between tumor (GTV) and cNAWM are shown 
on the left. White boxes indicate significant parameters and the p val-
ues are shown after Hommel correction for multiple testing. Param-
eter differences between early and late progression are shown on the 
right, with white boxes indicating significant parameters for specific 
ROIs with unadjusted p values. b The ROC curve representing the 
best-performing predictive model with qMRI parameters only, with 
overall model diagnostics (C-statistic, predictive accuracy) and the 
odds ratio estimates for each parameter are shown. c A similar ROC 

curve is shown, representing the best-performing predictive model 
with both qMRI parameters and the clinical parameter of MGMT 
methylation status. Grey: superimposition of individual ROC curves 
for each of the 100-fold imputed datasets. Black: a single smoothed 
curve summarizing the individual ROC curves. Dotted black line: for 
comparison, the ROC curve is shown where only one of the clinical 
factors, the MGMT methylation status, was used as a predictor for 
early progression (a max predictive accuracy of 64.7%, C-statistic: 
0.663, and Hosmer–Lemeshow test: p < 0.001 for MGMT only)
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were assessed according to the RANO criteria [29]; pseu-
doprogression was taken into account when determining 
the time point of early or late progression. However, we 
note the limitations of the RANO criteria; improvements 
have been suggested [50] including the use of volumetric 
response assessment, which can be considered in future stud-
ies. Survival analysis was not performed as it would require 
larger sample sizes given the number of covariates used in 
this study to achieve meaningful results. Our current find-
ings, which are focused on response prediction, support the 
need to continue this prospective imaging study where the 
prognostic value would be analyzed in larger sample sizes 
with sufficient statistical power. A certain level of bias was 
accepted, given the exploratory nature of our study and the 
need for further validation. Our approach using multiple 
imputation with a LASSO-based logistic regression with 
L1 regularization penalty, was chosen to reduce bias com-
pared to conventional and more prevalent logistic regres-
sion approaches. The predictive power of these biomarkers 
should be interpreted with caution due to the limited sample 
size for the number of predictors used. We emphasize the 
exploratory nature of this early-phase study where the goal 
was to demonstrate the ability of a 1.5T MRI in producing 
images of sufficient quality for future biomarker analysis 
when we have a larger sample size.

Future directions will involve applying a radiomics 
framework and incorporating next generation sequencing 
information. It would be beneficial to include other clinical 
data such as surrogate markers of the extent of residual dis-
ease at the time of surgery or the tumor cell concentration. 
In addition, consensus radiotherapy contours could be used 
for quantification [51]. The optimal imaging time point to 
reflect tumor response remains an area of investigation, and 
greater insights could be gained by multiparametric qMRI 
on the MR-Linac.

Conclusions

Multiparametric qMRI including CEST and MT acquired 
at 1.5T was shown to be a potential biomarker for tracking 
the functional and metabolic changes in GBM during CRT. 
This study demonstrated for the first time that CEST signals 
in GBM tumors are detectable at 1.5T, and together with 
qMRI parameters, was associated with tumor progression.
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