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Summary

Early determination of glio-
blastoma response to che-
moradiation may allow for
adjusting therapy in non-
responders. Chemical ex-
change saturation transfer
(CEST) probes metabolic
characteristics of the tumor,
which are more sensitive to
treatment-induced changes
(compared with tumor size).
Chemical exchange satura-
tion transfer identified tu-
mors that would progress
early after treatment on the
basis of imaging acquired as
early as 2 weeks into the
treatment course. Moreover,
certain CEST metrics could
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Purpose: To monitor cellular and metabolic characteristics of glioblastoma (GBM)
over the course of standard 6-week chemoradiation treatment with chemical exchange
saturation transfer (CEST)-MRI; and to identify the earliest time point CEST could
determine subsequent therapeutic response.
Methods and Materials: Nineteen patients with newly diagnosed GBM were re-
cruited, and CEST-MRI was acquired immediately before (Day0), 2 weeks (Day14)
and 4 weeks (Day28) into treatment, and 1 month after the end of treatment
(Day70). Several CEST metrics, including magnetization transfer ratio and area under
the curve of CEST peaks corresponding to nuclear Overhauser effect (NOE) and
amide protons (MTRNOE, MTRAmide, CESTNOE, and CESTAmide respectively), magne-
tization transfer (MT), and direct water effect were investigated. Lack of early pro-
gression was determined as no increase in tumor size or worsening of clinical
symptoms according to routine post-chemoradiation serial structural MRI.
Results: Changes inMTRNOE (nonprogressorsZ 1.35� 0.18, progressorsZ 0.97� 0.22,
P Z .006) and MTRAmide (nonprogressors Z 1.25 � 0.17, progressors Z 0.99 � 0.10,
PZ .017) between baseline (Day0) andDay14 resulted in the best separation of nonprogres-
sors from progressors. Moreover, the baseline (Day0) MTRNOE (nonprogressors Z
6.5% � 1.6%, progressors Z 9.1% � 2.1%, P Z .015), MTRAmide

(nonprogressors Z 6.7% � 1.7%, progressors Z 8.9% � 1.9%, P Z .028), MT
(nonprogressorsZ 3.8%� 0.9%, progressorsZ 5.4%� 1.4%, PZ .019), and CESTNOE
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characterize glioblastoma

aggressiveness even before
treatment.
(nonprogressorsZ 4.1%�Hz� 1.7%�Hz, progressorsZ 6.1%�Hz� 1.9%�Hz, PZ .044)
were able to identify progressors even before the start of the treatment.
Conclusions: Chemical exchange saturation transfer (CEST) provides imaging-based bio-
markers of GBM response as early as 2 weeks into the treatment. Certain CESTmetrics can
characterize tumor aggressiveness and identify early progressors even before beginning the
treatment. Such an early biomarker of responsemay allow for adjusting the GBM treatment
plan for adaptive radiation therapy in early progressors and more confidently continuing
standard adjuvant treatment for nonprogressors.� 2018 Elsevier Inc. All rights reserved.
Introduction

Magnetic resonance imaging (MRI) is routinely used in
assessing response of glioblastoma (GBM) to therapy (1).
Current response evaluation criteria (2) rely on structural
changes in tumor size, which take months to occur.
Considering the poor prognosis of GBM patients (3, 4), a
biomarker of response that could identify progressive tumor
early after completion of, during, or even before treatment
(through characterizing tumor aggressiveness) could have
significant clinical utility.

Several functional MRI biomarkers, such as magnetic
resonance spectroscopy (5), magnetization transfer (MT)
(6, 7), diffusion-weighted MRI (8), and dynamic contrast-
enhanced MRI (9), have been investigated in assessing
GBM response at 1 to 3 months after therapy. This post
chemoradiation time point is the accepted standard for
response evaluation in clinical practice. However, very few
studies have explored the potential for advanced MRI-
based biomarkers during the course of chemoradiation in
humans (10, 11). As GBM treatment advances into the era
of daily MRI-guided radiation therapy (12), the ability to
perform daily imaging of tumors and exploring the poten-
tial to perform true adaptive radiation therapy and biologic
response-based planning is imminent. A massive coordi-
nated effort to standardize and explore novel sequences that
are nonecontrast-based is urgently in need. This study
explores the potential for chemical exchange saturation
transfer (CEST) imaging to be a novel nonecontrast-based
imaging biomarker able to monitor and quantify metabolic
changes secondary to treatment effects.

Chemical exchange saturation transfer is sensitive to
concentration and exchange of labile protons in the tissue
(13-17). Ample research in cancer CEST has shown that
concentration of certain labile protons changes in tumors.
The exchange rate of these protons with water protons,
which is sensitive to many micro-environmental factors,
such as pH, also changes in tumors. Numerous CEST
metrics, including amide proton transfer (APT) (18), have
been used in tumor characterization and evaluating GBM
response to therapy. Zaiss et al (19) showed that tumors
have significantly lower CEST signal at the frequency
offset corresponding to nuclear overhauser effect (NOE).
Sagiyama et al (20) showed, in a rat model of GBM, that
CEST was capable of predicting response to temozolomide
within 1 week. Ma et al (21) successfully differentiated
pseudo-progression from true progression in GBM using
APT 3 months after the treatment. McVicar et al (22)
demonstrated the ability of APT in determining response
to chemotherapy (tumor acidification with lonidamine) in a
GBM model in mice as early as 1 hour after treatment.
Scheidegger et al (23) compared the CEST signal of GBM
and normal white matter and concluded that the main
contributor to their differences was the MT contrast.

Chemical exchange saturation transfer is sensitive to
treatment-induced changes, such as apoptosis due to radi-
ation therapy (17, 24) or pH normalization caused by
temozolomide (25). These changes occur much earlier than
morphologic changes in tumor dimensions and make CEST
a promising candidate for early response evaluation. The
present study investigates monitoring CEST in GBM over
the course of a standard 6-week chemoradiation treatment
to determine the earliest time point therapeutic response
could be evaluated. Assessing response before or within
early phases of the treatment may allow for tailoring of the
treatment plan to the individual patient’s tumor biology and
may improve outcome.
Methods and Materials

Study design

Nineteen patients with newly diagnosed GBM tumor were
recruited (13 male, median age 55 years). The study was
conducted in accordance with regulations and guidelines of
the institutional research ethics board at Sunnybrook
Research Institute. Informed consent was obtained from all
patients, and all experimental protocols were approved by
the research ethics board. All patients were treated with
intensity modulated radiation therapy (2 Gy/d) concurrent
with daily temozolomide over 6 weeks. Comprehensive
longitudinal MR images were acquired at 4 different time
points during and after the course of treatment, as follows:
(1) immediately before the start of the treatment (Day0); (2)
after receiving 10 treatment sessions (Day14); (3) after
receiving 20 treatment sessions (Day28); and (4) 4 weeks
after the end of the treatment (Day70).

Response to treatment was determined at longer than
3 months after the end of the 6-week chemoradiation
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(between 3 and 8 months after treatment, during which 2
patients were deceased) and was defined as per Response
Assessment in Neuro-Oncology criteria (2) through
assessing tumor size (ie, stable tumor) on anatomic post-
gadolinium (Gd) T1-weighted (T1w) and T2-wieighted
(T2w) fluid-attenuated inversion recovery (FLAIR) MR
images, as well as clinical symptoms of the patient.
Response Assessment in Neuro-Oncology criteria were
used because they are specifically designed to address the
issue of pseudo-progression by imposing strict rules on
determination of progression within the first 12 weeks of
treatment. Response was determined by a senior neuro-
oncologist who was blinded to the MRI analysis, whereby
patients were classified as early progressors and
nonprogressors.
MRI acquisition

The patients were scanned on a 3T Philips Achieva MRI
system with 8-channel SENSE head coil with the following
MRI sequences: 3-dimensional (3D) T2w-FLAIR data (repe-
tition time [TR]/echo time [TE]/inversion time [TI]Z 9000/
2800/125 milliseconds, slice thickness Z 5 mm, 25 slices,
field of view [FOV]Z 24 cm� 24 cm)was used to identify an
oblique axial slice passing through the largest cross-section of
the tumor for CEST imaging. To ensure accurate reproduc-
ibility of the CEST slice prescription between multiple scans,
specific brain structures were first used to prescribe the 3D-
FLAIR sequence.Then the coordinates of theFLAIRslice that
passed through the largest cross-section of the tumor was used
as the CEST imaging slice. For subsequent scans, the FLAIR
scanwas prescribed using the samebrain structures, so that the
3D-FLAIR coverage would be identical to the earlier scans of
the patient. Then the same FLAIR slice number that was used
in previous scans was used to prescribe the CEST slice.

Offset frequencies between �750 Hz (�5.9 ppm) to
750 Hz (5.9 ppm) with increments of 25 Hz were used in
CEST spectrum data acquisition. Four reference images at
100 kHz (approximately 780 ppm) were acquired at the
beginning, and another 4 reference images were acquired at
the end of the CEST spectrum data acquisition. These
reference images were used for drift correction and CEST
spectrum data normalization (26). Chemical exchange
saturation transfer data were acquired with radio frequency
(RF) power amplitude, B1 Z 0.522 mT, and saturation
duration, Tsat Z 970 milliseconds. The RF saturation
consisted of 4 block-shaped pulses of 242.5 milliseconds
each. There was also a delay of 2.5 milliseconds after each
block, during which spoilers were applied in the slice se-
lection direction.

The CEST imaging readout was fast field echo (FFE)
with multi-shot turbo field echo (TFE) factor Z 20, TR/
TE Z 7.78/4.5 milliseconds, half scan Z 0.8, acquisition
matrix Z 132 � 95, reconstruction matrix Z 144 � 144,
FOV Z 20 cm � 20 cm, slice thickness Z 3 mm. There
was also a spectral presaturation with inversion recovery
(SPIR) fat suppression (12 milliseconds) after the saturation
pulses and before the TFE acquisition. To allow for the
magnetization to recover and also to satisfy duty cycle
constraints, a delay was included after TFE acquisition,
making the time between consecutive saturations equal to
2 seconds. Chemical exchange saturation transfer imaging
was performed twice, for a total duration of 4.6 minutes.

T2-mapping was performed on the same slice using a T2-
weighted spin echo sequence with 10 echo times
(TE Z n � 20 milliseconds, n Z 1, 2, ., 10),
TR Z 3000 milliseconds, FOV Z 20 cm � 20 cm, slice
thickness Z 3 mm, matrix size Z 80 � 80, a Z 90�. T2-
mapping was performed by fitting a mono-exponential
function to the data on a voxel-by-voxel basis.

The Method of Slopes was used for B1- and T1-mapping
(27). Method of Slopes image acquisition consisted of high
spatial resolution images with small flip angles (FFE,
a Z 3�, 14�, TR/TE Z 10.7/5 milliseconds,
FOV Z 20 cm � 20 cm, matrix size Z 224 � 224 � 40,
slice thickness Z 2 mm), as well as low spatial resolution
images with large flip angles (FFE, a Z 130�, 150�, TR/
TE Z 50/5 milliseconds, FOV Z 20 cm � 20 cm, matrix
size Z 80 � 80 � 20, slice thickness Z 6 mm). The low-
resolution, high flip angle images were used for B1-map-
ping, and the high-resolution, low flip angle data allowed
for high resolution T1-mapping (28, 29).

High spatial resolution postcontrast 3D axial T1-
weighted imaging (with intravenously injecting 0.1 mmol/
kg body weight of gadobutrol [Bayer, Toronto, ON, Can-
ada], followed by 20 mL of saline flush) was also per-
formed (TR/TE Z 9.5/2.3 milliseconds, a Z 8�,
FOV Z 22 cm � 22 cm, matrix size Z 448 � 448 � 113,
slice thickness Z 1.5 mm). This data was used for clinical
assessment of tumor volume as well as delineating the
lesion region of interest (ROI) for CEST analysis.
CEST analysis

The CEST images, the multi-echo images for T2-mapping,
and the FFE images for T1/B1-mapping were all co-
registered to the first acquired CEST image (first refer-
ence image of the first CEST spectrum) using affine
registration in Elastix (30). Chemical exchange saturation
transfer data of each spectrum were first normalized to the
reference images acquired at the beginning of the spectrum.
Drift correction (24, 26, 31) was performed using the
reference images at the 2 ends of the CEST spectrum. B0

inhomogeneity correction was performed by fitting a Lor-
entzian line-shape to the data surrounding the water reso-
nance (joffsetj < 1.3 ppm) and the end tails of each
spectrum (joffsetj > 4.5 ppm). The spectrum was then
shifted to place the minimum on the 0-Hz offset frequency.
Any voxel that failed to fit to the Lorentzian line-shape was
discarded. Data were then resampled at the offset fre-
quencies of the imaging protocol. The normalized, drift,
and B0-corrected spectrums of the 2 CEST repetitions of
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each voxel were then averaged to generate the final CEST
spectrum used in calculating the following CEST metrics.

(1) Magnetization transfer ratio (MTR) of amide pro-
tons, defined as:

MTRAmide Z
Sðref Þ � Sð3:5 ppmÞ

Sðref Þ
where S(ref ) represented the reference image (equal to 1
for the normalized CEST spectrum), and SðDÞ represented
the CEST spectrum value at offset frequency D (which was
3.5 ppm for amide protons).

(2) The MTR of nuclear overhauser effect (NOE) at
�3.5 ppm:

MTRNOE Z
Sðref Þ � Sð�3:5 ppmÞ

Sðref Þ
(3) The conventional amide proton transfer (APT) was

defined as:

APTZ
Sð�3:5 ppmÞ � Sð3:5 ppmÞ

Sðref Þ
The signal in CEST spectrum represents a combination

CEST effect, MT, and direct water saturation effect (direct
effect). To investigate the contribution of each subcompo-
nent of CEST spectrum in observed changes, the following
metrics were also calculated:

(4) Direct effect quantified by:

Direct EffectZ
ffiffiffiffiffiffiffiffiffiffiffiffi
T1=T2

p

where T1 (longitudinal relaxation time) and T2 (transverse
relaxation time) were measured independent of the CEST
acquisition. This measure of direct effect is proportional to
the full width at half maximum of the water saturation
spectrum ðFWHMZ u1

ffiffiffiffiffiffiffiffiffiffiffiffi
T1=T2

p Þ, where u1 is the
amplitude of the saturation pulse (in radians).

(5) Lorentzian decomposition of the CEST spectrum
into a constant MT effect (for the offset frequency range of
CEST acquisition, �5.9 ppm to 5.9 ppm) and 4 Lorentzian
line-shapes corresponding to amide (3.5 ppm), NOE
(�3.5 ppm), amine (2 ppm), and bulk water (0 ppm), as
follows (24):

SðDÞZ1 �

0
B@MT þ

X4

i Z 1

Ai

1 þ
�
D � D0i

0:5wi

�2

1
CA

where ½Ai;D0i;wi� were the amplitude, center frequency,
and width of each Lorentzian line-shape, respectively. The
area under the curve (AUC) of CEST peaks (with units of
%�Hz) corresponding to the NOE and amides (AUCNOE &
AUCAmide) were calculated, which reflected the CEST ef-
fects. The MT signal of this decomposition represented the
combination of direct effect and MT effect.

Tumor ROI

The tumor ROI was defined on post-Gd T1w data and was
transferred to the CEST images. To achieve this, the 3D
volume imaged in post-Gd T1w data was first co-registered
to the 3D FLAIR data using affine registration in Elastix
(30). It was then interpolated with the voxel resolution of
the CEST data, and the oblique axial slice corresponding to
CEST was selected (CEST slice matched a slice of the 3D
FLAIR data). Two analysis ROIs were then defined and
were used in longitudinal evaluation of the CEST metrics:
(1) ROI type I: the tumor ROI was defined as the enhancing
region on the post-Gd T1w slice that was acquired at each
scan; (2) ROI type II: The tumor ROI was defined as the
enhancing region on the post-Gd T1w slice at the baseline
scan and was kept constant for the subsequent scans.

In ROI type I, the CEST metrics represented the average
CEST properties of the tumor ROI, and thus change in the
tumor size was not taken into account. In ROI type II,
however, the ROI was defined at the first scan, and if the
tumor size changed over time, other tissues (eg, peritumoral
tissue) would enter the ROI, thus change in tumor size
would affect the average CEST metric value in ROI type II.
The ROI type II represented the brain region that received
the highest radiation dose (defined in radiation therapy
planning stage) throughout the treatment. By investigating
both ROI types, a more comprehensive understanding of
the CEST metric changes over the course of the treatment
was achieved. Figure 1 shows post-Gd T1w with the 2
analysis ROIs and the corresponding CEST spectrums of a
representative patient.

An average CEST metric for each ROI was used in
subsequent statistical analyses. Statistical significance
assessment between the progressors and nonprogressors
was performed using a 2-sample t test. The Wilcoxon rank-
sum test was used for repeated measure comparisons be-
tween the CEST metrics of normal-appearing white matter
on the brain hemisphere contralateral to the tumor
(cNAWM) of each group at 2 scan time points. The sig-
nificance level was set at *P < .05 and **P < .01.

Normal tissue

The CEST metrics were also calculated on an ROI of
cNAWM. This measurement was performed to monitor the
reproducibility of the CEST metrics between patients and
also over the course of the treatment (intersubject and
intrasubject reproducibility). The cNAWM ROI was
defined on an area of uniform signal intensity in the white
matter in post-Gd-T1w MRI. Considering the invasive na-
ture of GBM cells and the fact that they could migrate far
from the tumor (even to the contralateral hemisphere of the
brain) (32, 33), the cNAWM was chosen to be on the
farthest possible (from tumor) white matter region on the
contralateral hemisphere.

Results

Data of 3 patients were discarded because of significant
motion and imaging artifacts in the tumor ROI. The
remaining 16 patients were classified by the blinded



1

0.9

0.8

0.7
4 2 0 -2 -4

Offset Frequency [ppm]

M
z /

 M
0

CEST Spectrum

cNAWM
Tumor

Day0

Day28 Day70

Day14

Fig. 1. (Left) Post-gadolinium T1-weighted image of a representative progressive glioblastoma patient at day 0, showing
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saturation transfer (CEST) spectrum for tumor (averaged over ROI type I on Day0 scan) and an ROI on the contralateral
normal appearing white matter (cNAWM).
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neuro-oncologist into nonprogressors (10 patients) and
progressors (6 patients) at the time of last follow-up. A
few of the patients did not complete all 4 scans and
therefore there were the following number of patients at
each time point: Day0: 10 nonprogressors, 6 progressors;
Day14: 10 nonprogressors, 4 progressors; Day28: 8 non-
progressors, 3 progressors; Day70: 10 nonprogressors, 3
progressors.
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Fig. 2. The fluid-attenuated inversion recovery (FLAIR) and
representative patient, T1 and T2 maps, as well as parametric m
metrics. Abbreviations: APT Z amide proton transfer; MT Z m
NOE Z nuclear overhauser effect.
For each patient, the CEST metrics were calculated
voxel by voxel, and then the average metric value over the
tumor and cNAWM ROIs was calculated and used in sub-
sequent statistical analyses.
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CEST metrics was examined on the cNAWM (reported in
Table E-1; available online at www.redjournal.org). For
cNAWM, no statistically significant difference was
observed between the CEST metrics of any 2 time points
(assessed by Wilcoxon rank-sum test) or between pro-
gressors and nonprogressors (assessed by unpaired t test),
demonstrating the stability and reproducibility of the
experiments.

Figure 2 shows the parametric maps of CEST metrics at
Day0 scan of 1 patient, along with the corresponding lon-
gitudinal (T1) and transverse (T2) relaxation time maps.
The MTRNOE and MTRAmide maps show lower MTR
values on the tumor compared with normal tissue and re-
gions of edema. These lower MTR values are mainly due to
the low MT effect of the tumor compared with normal
tissue. Similarly, CESTNOE is showing lower values for the
tumor; however, CESTAmide in the tumor is showing values
that are higher than normal tissue (which is expected for the
tumor).

In Table 1, the mean and standard deviation of the CEST
metrics (segregated into progressors and nonprogressors)
are reported for the ROI type I, in which tumor ROI was
defined as enhancing region on the post-Gd T1w image at
each time point. The parameter pairs that were statistically
significantly different between progressors and non-
progressors are noted with a dagger symbol (y). When
focusing on the absolute value of the metrics for tumor ROI
only (ROI type I), the MTRNOE (P Z .015), MTRAmide

(P Z .028), MT (P Z .019), and CESTNOE (P Z .044) at
baseline (Day0) were statistically significantly different
between the progressors and nonprogressors. However,
none of the metrics at any subsequent time point were able
to differentiate the 2 cohorts. These CEST metrics show
that nonprogressors are less metabolically active compared
with progressors before treatment.

In Table 2, the distribution (mean and standard devia-
tion) of CEST metrics for ROI type II is reported, in which
Table 1 CEST metric values for progressors and nonprogressors (R

Scan MTRNOE (%) MTRAmide (%) MT (%) APT (%

Day0
NP 6.5 � 1.6*,y 6.7 � 1.7*,y 3.8 � 0.9*,y 0.2 �
P 9.1 � 2.1y 8.9 � 1.9y 5.4 � 1.4y �0.1 �

Day14
NP 8.7 � 2.0 8.2 � 1.8 4.9 � 1.3 �0.5 �
P 8.5 � 0.4 8.8 � 0.8 5.7 � 1.6 0.3 �

Day28
NP 8.4 � 1.8 7.8 � 1.8 4.7 � 1.2 �0.3 �
P 9.0 � 1.4 9.2 � 1.6 5.4 � 0.9 0.3 �

Day70
NP 8.2 � 1.8 7.7 � 1.5 4.5 � 1.0 �0.6 �
P 9.4 � 2.1 8.5 � 1.3 5.2 � 1.2 �0.9 �
Abbreviations: APT Z amide proton transfer; CEST Z chemical exchange s

transfer ratio; NOE Z nuclear overhauser effect; NP Z nonprogressors; P Z
Mean � standard deviation across all subjects, derived from average paramet

* P < .05.
y Statistically significantly different between progressors and nonprogressor
tumor ROI was defined at Day0 scan and was kept the same
for consecutive time points and thus takes the changes in
tumor size into account as well. Similar to ROI type I, the
absolute value of the metrics at Day14, Day28, and Day70
were unable to differentiate progressors from non-
progressors. This table demonstrates that there is significant
difference in CEST metrics of the 2 cohorts before treat-
ment and that they become similar as treatment is
administered.

In Figure 3 the distribution of the ratio of each CEST
metric (at Day14, Day28, and Day70) over its value at base-
line (Day0) are illustrated for progressors and non-
progressors. This figure represents the change in each
parameter due to treatment. For ROI type I, the ratios (Day14
over Day0) of MTRNOE (nonprogressors Z 1.35 � 0.18,
progressors Z 0.97 � 0.22, P Z .006) and MTRAmide

(nonprogressorsZ 1.25� 0.17, progressorsZ 0.99� 0.10,
P Z .017) were able to separate nonprogressors from
progressors.

Similar separations were observed when using ROI type
II. The ratios (Day14 over Day0) of MTRNOE

(nonprogressorsZ 1.30� 0.19, progressorsZ 0.93� 0.31,
P Z .02) and MTRAmide (nonprogressors Z 1.20 � 0.20,
progressors Z 0.92 � 0.27, P Z .05) differentiated the 2
cohorts. This figure demonstrates that there is no significant
change in the direct effect at any time point, showing that
treatment is not changing T1 or T2 values of the tumor. The
MT metric did not change for progressors; however, in
nonprogressors there was an increase in this metric as early
as 2 weeks into the treatment, which stayed relatively un-
changed (slightly decreased) at the last 2 scans. The CEST
signals also stayed unchanged for progressors, showing that
treatment was not inducing any metabolic changes in the
tumor. However, for nonprogressors the increase in CEST
metrics could be due to inflammatory response to the tumor
cells being destroyed by the treatment; it could also stem
from pH normalization by temozolomide.
OI type I)

) CESTNOE (%$Hz) CESTAmide (%$Hz) Direct effect

0.5 4.1 � 1.7*,y 2.9 � 1.1 1.0 � 0.2
0.8 6.1 � 1.9y 3.2 � 1.1 1.2 � 0.2

0.8 6.1 � 3.0 4.0 � 2.0 1.2 � 0.2
0.7 9.1 � 5.4 3.3 � 2.0 1.3 � 0.2

0.7 4.0 � 1.5 3.1 � 1.7 1.2 � 0.2
0.8 5.9 � 2.4 3.2 � 1.4 1.3 � 0.1

0.6 6.1 � 3.1 2.5 � 1.3 1.2 � 0.1
0.9 5.8 � 2.3 3.1 � 1.3 1.3 � 0.1

aturation transfer; MT Z magnetization transfer; MTR Z magnetization

progressors; ROI Z region of interest.

er value over tumor ROI defined at each imaging time point (ROI type I).

s.

http://www.redjournal.org


Table 2 CEST metric values for progressors and nonprogressors (ROI type II)

Scan MTRNOE (%) MTRAmide (%) MT (%) APT (%) CESTNOE (%$Hz) CESTAmide (%$Hz) Direct effect

Day0
NP 6.5 � 1.6*,y 6.7 � 1.7*,y 3.8 � 0.9*,y 0.2 � 0.5 4.1 � 1.7*,y 2.9 � 1.1 1.0 � 0.2
P 9.1 � 2.1y 8.9 � 1.9y 5.4 � 1.4y �0.1 � 0.8 6.1 � 1.9y 3.2 � 1.1 1.2 � 0.2

Day14
NP 8.6 � 2.2 8.0 � 1.9 5.0 � 1.3 �0.8 � 0.8 5.2 � 2.0 2.6 � 0.6 1.2 � 0.1
P 8.0 � 1.4 7.9 � 1.0 4.8 � 0.5 �0.1 � 0.5 5.3 � 1.6 2.4 � 1.1 1.3 � 0.1

Day28
NP 8.7 � 1.6 8.3 � 1.5 5.1 � 1.1 �0.5 � 0.4 4.6 � 1.9 1.7 � 0.6 1.2 � 0.1
P 9.3 � 0.5 9.0 � 0.5 5.5 � 0.4 �0.4 � 0.4 4.8 � 0.5 2.4 � 0.2 1.3 � 0.1

Day70
NP 8.7 � 1.9 8.0 � 1.9 5.0 � 1.2 �0.9 � 0.8 5.4 � 2.2 2.1 � 1.1 1.2 � 0.1
P 9.2 � 1.3 8.5 � 1.2 5.4 � 0.8 �0.8 � 0.6 5.0 � 2.7 2.8 � 1.2 1.3 � 0.1

Abbreviations as in Table 1.

Mean � standard deviation across all subjects, derived from average parameter value over tumor ROI defined at baseline and kept constant for

subsequent time points (ROI type II).

* P < .05.
y Statistically significantly different between progressors and nonprogressors.
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Figure 4 plots the change (over time) in the 3 parameters
ratios, MTRNOE and MTRAmide, that were statistically
significantly different between progressors and non-
progressors as well as MTand changes in tumor volume. The
ratios of CEST metric values at Day28 or Day70 over baseline
did not provide a statistically significant separation of the 2
cohorts. This could potentially be associatedwith having very
few progressors participating in the later follow-up scans.
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GBM response to treatment; (2) determine the earliest time
point at which CEST could identify nonprogressors; and (3)
identify the CEST metrics (if any) that were able to char-
acterize tumor aggressiveness before the treatment.

The CEST metrics were first calculated on the cNAWM
region of each patient. As reported in Table E1 (available
online at www.redjournal.org), there was no statistically
significant difference between theCESTmetrics on cNAWM
between consecutive time points, and there was a small
variation in the metric values. These results show there was
no intersubject or intrasubject variability, which demon-
strates reproducibility of the experiments and that the dif-
ferences in measured metrics represent the differences
between tumors and are not due to experimental conditions.

The CEST spectrum signal reflects the combination of
several effects: direct effect (representing the longitudinal
and transverse relaxation times), MT effect (representing
the macromolecular content), and CEST effects (generated
from labile proteins and peptides). The MTR metrics re-
ported here represent the combination of all 3 components
(CEST, MT, and direct effect), the MT metric (derived from
Lorentzian decomposition) represents the combination of
direct effect and the MT effect, and the CEST metrics
represent the actual isolated CEST effects.

To probe the changes in CEST metrics over the course of
the treatment, 2 different ROIs were defined to provide a
comprehensive assessment of the CEST changes. Region of
interest type I focused on the tumor tissue only and re-
flected the evolution (over time) of CEST metrics inside the
enhancing tumor rim. Because radiation treatment planning
is performed on the pretreatment tumor margins (gross
tumor volume as per the surgical cavity and any residual
disease), the analysis region in ROI type II was defined at
the baseline scan and was kept fixed for consequent scans.
This ROI received the highest radiation dose in all of the 30
radiation treatment sessions. It also takes into account the
tumor size change and white matter infiltration into the
initial tumor area over the course of the treatment. The ratio
of each metric over its baseline value was used to represent
the treatment-induced changes in the tumor.

http://www.redjournal.org
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As reported in Table 1, the baseline (Day0) values of the
MTRNOE (P Z .015), MTRAmide (P Z .028), MT
(P Z .019), and CESTNOE (P Z .044) were capable of
differentiating progressors from nonprogressors. All the
CEST metrics reported in Table 1 for Day0 of non-
progressors were lower (except for APT), showing they had
lower metabolic activity compared with progressors
(although direct effect and CESTAmide and APT were not
statistically significantly different). Thus, CEST is capable
of characterizing GBM tumor aggressiveness and identi-
fying patients who will not benefit from standard chemo-
radiotherapy, even before the start of the treatment.
Furthermore, although there were large differences in the
CEST metrics at baseline, once the treatment was admin-
istered there were no statistically significant differences (at
subsequent time points) between the 2 cohorts.

When considering the changes in metrics during treat-
ment (shown in Figs. 3 and 4 by the ratio of each metric
over its Day0 value), there was statistically significant dif-
ference (for ROI type I) between progressors and non-
progressors for MTRNOE (P Z .006) and MTRAmide

(P Z .017) of changes between Day0 and Day14. Similar
separation (with higher P values) of the progressors and
nonprogressors was also achieved for changes
between Day0 and Day14 in ROI type II (for MTRNOE and
MTRAmide with P Z .02 and P Z .05, respectively).
However, the changes in metrics for the later time points
(Day28 and Day70) were not statistically significant
different between the 2 cohorts. Nevertheless, considering
the ratios and ratio trends shown in Figures 3 and 4 (which
show the ratios did not change from Day14 to later scans),
the lack of statistical significance in these later time points
could be associated with the fact that very few progressors
participated in these scans.

There were large variations in CESTNOE metric in all
groups and at all scan time points. This metric was calcu-
lated from Lorentzian decomposition of the CEST spec-
trum. The NOE is a wide peak that ranges between �2 ppm
and �5 ppm (24) and encompasses a variety of effects, thus
larger variations were observed in its AUC as a result of the
treatment.

As shown in Figure 3, the CESTAmide signal in non-
progressors was elevated at Day14, but it decreased over
time, whereas for progressors this metric slightly increased
at Day14 and continued to increase over the course of the
study. CESTAmide (similar to APT) is expected to quantify
the concentration and exchange of amide proton in the
tumor, which has been shown to increase with the aggres-
siveness of the tumor (34). However, the difficulties in
accurately measuring this metric (due to having a narrow
CEST peak) resulted in large variations in its value, which
led to CESTAmide not being able to separate the 2 cohorts of
patients.

The CEST signal patterns (shown in Fig. 2 and
explained in the Results section) explain the higher APT
values in the tumor region, which might be due to higher
cellularity of the tumor (as shown by Bai et al (34)). On the
other hand, the co-localization of the high APT values with
the high T1 values and absence of high APT values in
portions of the tumor that had lower T1 values might sug-
gest that these patterns were due to the differences in the T1

and, if T1 differences were eliminated, the high APT value
regions might disappear (as demonstrated by Zaiss et al
(19)). These points highlight the issues and difficulties in
accurately isolating the APT signal particularly in the low-
power saturation approaches that were used in this study.
Lorentzian decomposition is an alternative approach for
measuring the CEST signal of amide protons; however, as
shown in Figure 2, it yielded very noisy CESTAmide map,
mainly owing to its narrow and low amplitude CEST peak.

As shown in Figure 4, tumor volume was not capable of
separating the 2 cohorts at any of the scan time points
which shows a longer follow-up was needed for such dif-
ferentiation using clinically used metrics. The presented
CEST results showed that the best and earliest time point
for evaluating GBM response to treatment was 2 weeks into
the treatment (Day14), and the best CEST metrics were the
changes in MTR metrics between Day14 and baseline.
Additionally, the largest treatment-induced changes in the
CEST properties occurred during the first 2 weeks of the
treatment, demonstrating the higher sensitivity of CEST to
treatment effects. It is important to note that the CEST
metrics at later time points were not able to differentiate the
2 cohorts, or provided weaker separation. Thus, the CEST
metrics at early phases of the therapy are the most sensitive
to treatment effects.

As illustrated in Figure 4, in the case of the progressors
(who had more aggressive and highly metabolically active
tumors) the metric values over time were relatively un-
changed, showing that the treatment was unable to induce
significant changes in the tumor. However, for non-
progressors there were significant increases in CEST met-
rics, showing that the therapy was changing tumor
metabolism (particularly at early phases of the treatment).
Moreover, the trends in Figure 4 show that the changes in
MTR metrics after Day14 mirrored that of the MT metric.
This point suggests the CEST response (attributed to the
inflammatory response in the tumor and temozolomide-
induced pH normalization) was elevated in the non-
progressors and stayed elevated throughout the therapy.
However, the MT metric (governed by the macromolecular
content and their access to free water) decreased after
Day14, which could indicate increased cell death over time.

Results reported in Tables 1 and 2 demonstrate that tu-
mors in nonprogressors were less metabolically active
(compared with progressors) and, therefore, had lower
CEST metrics at Day0. Once the treatment was given, the
nonprogressors were less resistant to the treatment, and thus
their CEST metrics changed significantly, whereas the
progressors were more resistant and the treatment could not
affect their CEST metric values. These trends could be
attributed to the combination of 2 main factors. (1) There
was higher treatment-induced cell death in nonprogressors,
which induces inflammation and higher pH normalization
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induced by temozolomide, which increases CEST signal.
(2) It has been demonstrated (11) that the amount of MT
increases with response to treatment (the MT component
measured with Lorentzian decomposition was also showing
this change semi-quantitatively), because MT is a major
component of the MTR metrics (MTRNOE, MTRAmide),
increase in MT (which is mainly governed by the macro-
molecular content and their access to free water) is also
contributing to the increase in MTR metrics.

The main limitation of this pilot study was its small
sample size. Although the differences between CEST
metrics of the 2 cohorts were large, there were only 6 pa-
tients with progressive tumors at baseline and only 4
participated in the follow-up scans. A larger number of
progressors are needed to increase confidence in the results
and establish CEST as a biomarker of GBM response to
treatment. This pilot study, however, demonstrated the po-
tential of CEST in GBM response evaluation and also
allowed for determination of the best CEST metrics and the
earliest time point CEST could determine GBM response to
chemoradiation. A subsequent larger study is in progress to
confirm these results.

Moreover, CEST sequences are not currently available
on clinical scanners, and their application is limited to the
research centers with access to the CEST imaging
sequence. However, all major MRI manufacturers (Philips,
Siemens, GE) are currently working toward making CEST
sequences available as standard sequence on their scanners
(they all have work in progress sequences at the moment),
which will make widespread application of CEST imaging
feasible in the near future.

Another major challenge is the long scan time and the
fact that a single slice through the tumor was investigated.
The imaging slice was selected such that it covered the
largest cross section of the tumor, covering 1.1 (cm3) to 5.9
(cm3) of the total tumor volume, which represented 8% to
21% of the total tumor volume of the patients. Advanced
3D CEST sequences with full brain coverage as well as
their addition to the product sequences offered by MRI
scanner manufacturers are needed for translation of these
techniques into routine clinical practice.

This study demonstrated the feasibility of adding CEST
sequences to the clinical imaging protocol of the GBM
patients in a clinically acceptable scan time. A large
number of CEST metrics were investigated and their po-
tential in determining GBM response to therapy was eval-
uated. Amongst these metrics, the best performance was
achieved by the MTR metrics, which reflect the combina-
tion of treatment-induced changes in CEST, MT, and direct
effect of the tumor. Future studies could focus on a certain
portion of the CEST spectrum to improve metric mea-
surement accuracy and reduce imaging time.

Determining GBM response at early phases of the
treatment and identifying the patients that will not benefit
from standard therapy have the potential for significant
clinical utility in the era of MRI-based image-guided ra-
diation therapy. The lack of contrast required for advanced
MRI technique such as CEST is a major advantage because
with daily MR imaging the patient cannot be administered
contrast regularly. The present study also showed the best
predictive power and most profound treatment-induced
changes occur inside the ROI type I volume as opposed
to ROI type II volume. This suggests that plan adaptation
can be tailored to the evolving gross tumor volume. By
imaging patients daily and before each radiation therapy
fraction, the changes in CEST metrics could potentially be
used as a biomarker for dose escalation or to guide changes
in systemic therapy.
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