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Chemical Exchange Saturation Transfer for Predicting
Response to Stereotactic Radiosurgery in Human
Brain Metastasis
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Purpose: The purpose of this work was to determine the pre-
dictive value of chemical exchange saturation transfer (CEST)

metrics in brain metastases treated with stereotactic radiosur-
gery (SRS).
Methods: CEST spectra at a radiofrequency power of 0.52mT

were collected on a 3 Tesla (T) magnetic resonance imaging from
25 patients at three time points: pretreatment, 1 week, and 1
month post-treatment. Amide proton transfer-weighted images

and maps of the amplitude and width of Lorentzian-shaped CEST
peaks and the relaxation-compensated AREX metric were con-

structed at the offset frequencies of amide, amine, and relayed
nuclear Overhauser effect (NOE) from aliphatic groups as well as
the broad magnetization transfer effect. Pretreatment CEST met-

rics, as well as CEST metric changes at 1 week post-treatment,
were compared to changes in tumor volume at 1 month.

Results: Significant (P<0.05) 1-week predictive metrics includ-
ed NOE peak amplitude (R¼0.69) in normal-appearing white
matter (NAWM) and width (R¼ –0.55) in tumor. Baseline NOE in

contralateral NAWM was negatively correlated (R¼ –0.69)
with volume changes at 1 month. Metrics-defined outside tumor

margins had higher correlation with volume changes than tumor
regions of interest.
Conclusion: CEST metrics, in particular, the NOE peak amplitude,

can predict volume changes 1 month post-SRS. Magn Reson
Med 78:1110–1120, 2017. VC 2016 International Society for
Magnetic Resonance in Medicine
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INTRODUCTION

Stereotactic radiosurgery (SRS) is commonly used for tar-
geted treatment and long-term management of brain
metastases, especially in cases where safe surgical resec-
tion is not possible (1,2), with the aim of sparing the sur-
rounding healthy neural tissue. Reliable biomarkers that
allow for expeditious assessment of tumor response to
radiation therapy are highly sought after. Multiple treat-
ment options are available; however, they require an ear-
ly assessment of tumor response in order to switch the
treatment while still within an effective time window.
Current clinical practice is subjective and relies heavily
on the RECIST (Response Evaluation Criteria In Solid
Tumors (3)) criteria, which judge response by the largest
intratumoral distance. This is inadequate for describing
early apoptotic changes in cell structure, which precede
changes in tumor dimension that may not stabilize until
weeks or months post-treatment (2). Tumor biopsy may
be informative, but is often too invasive, especially in
the brain, and not completely descriptive of a heteroge-
neous tumor with a heterogeneous response.

Magnetic resonance (MR) imaging (MRI) has previously
been used in the assessment of stereotactic radiosurgery,
although commonly solely for determination of tumor mar-
gins or volume (2). Current protocols include contrast-
enhanced MRI, which has proven itself a valuable tool for
visualization of tumor margins. Assessment of the tumor is
further informed by T1-weighted and diffusion-weighted
images. However, changes in these images taken alone are
not specific to cell death. There has been more success
with quantitative MR methods, such as the apparent diffu-
sion coefficient (ADC) (4), which increases with apoptosis
and has been correlated with response to therapy (5). It
has also been shown that low pretreatment ADC values are
correlated with a favorable response (5). However, given
that ADC is sensitive to many changes in tissue micro-
structure (6), it is often difficult to distinguish between
tumor necrosis, edema, or radiation-induced inflammation,
which inhibits its use in monitoring cancer treatment.

Chemical exchange saturation transfer (CEST) is a
recently developed MRI method, which is sensitive to
the presence of proton pools exchanging with the bulk
water protons that make up the MRI image, and may pro-
vide additional information as a tumor response bio-
marker (7–9). The endogenous CEST experiment is
sensitive to several chemical groups, involving labile
protons in proteins and metabolites, as well as larger
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macromolecules. CEST spectrum peaks of interest to this
study arise from chemical exchange between bulk water
and amide protons on the protein and peptide backbone
(-NH), amine (-NH2) groups in protein side chains and
creatine kinase metabolites (10), and from through-space
inter- and intramolecular dipole-dipole magnetization
transfer (MT) from aliphatic protons (ACH) to labile pro-
tons (nuclear Overhauser effect; NOE) and through cross-
relaxation (MT). Hydroxyl protons (AOH) also contribute
to CEST, but exchange too rapidly and at a frequency too
close to the water resonance to be visible in the current
study at 3 Tesla (T).

Concentration and exchange rate constant of these pro-

ton groups affect the decrease in bulk water signal (the

“CEST effect”), which occurs after application of a satura-

tion pulse at the resonance frequency of the exchanging

protons. A CEST spectrum is obtained by varying the fre-

quency (D) of this saturation pulse and measuring the

amplitude of the CEST effect at each frequency. Metrics

derived from the CEST effect and the CEST spectrum

(CEST metrics) show great promise for improving the char-

acterization of brain tumors and their response to therapy,

given that they are sensitive to cell density (11), pH

(12–14) (and hence metabolic state), tumor grade (15–17),

and proliferation potential (18,19). It has also been demon-
strated that, in certain cell lines, CEST can distinguish

between radiation necrosis and recurrent tumor (20).
Our objective was to assess the predictive utility of

CEST-based metrics in characterizing the response of

tumor to stereotactic radiation therapy, through evalua-

tion of CEST spectra obtained at three time points: base-

line, 1 week post-treatment, and 1 month post-treatment.

Although further follow-up is required to determine

“responder” or “nonresponder” status, this study explores

whether CEST imaging at early time points is predictive of

future growth or regression of the tumor after SRS therapy.

METHODS

Patients

Twenty-five patients (10 male, 15 female; age, 62 6 14)

with brain metastases were recruited from the patient

population at Sunnybrook Odette Cancer Centre, Universi-
ty of Toronto (Toronto, Ontario, Canada). The majority of

primary tumors were in the lung and breast, with instances

of rectal cancer and melanoma. All patients received SRS,

in which a single dose of 18 to 20 Gy of radiation were

focally delivered to the metastases localized by examina-

tion of a postcontrast T1-weighted MRI image volume.

Patients were imaged with an identical MRI protocol at

three time points: (1) pretreatment baseline (up to 1 week

before therapy); (2) 5 to 8 days post-therapy (the 1-week

time point); and (3) 1 month post-therapy. Informed

consent was obtained from all patients in accord with pro-

tocols approved by the Toronto Academic Health Sciences

Network research ethics board.

MRI Protocol

MRI scanning was performed on a 3T Philips Achieva

scanner (Philips Healthcare, Andover, MA) with an eight-

channel SENSE head coil. The protocol included (in order

of acquisition): a series of spoiled gradient echo images
with multiple excitation angles (for T1 and B1 mapping),
CEST, cerebrospinal fluid (CSF)-suppressed T2-weighted
fluid-attenuated inversion recovery (FLAIR) images, and a
postcontrast T1-weighted MRI. The acquisition parameters
for each MRI scan used in this study are given below.

T1 and B1 Mapping

A series of variable flip-angle images were acquired with
a spoiled gradient-echo (SPGR) sequence for T1 and B1

mapping with the method of slopes (21). Low flip-angle
images were acquired at high spatial resolution (fast
SPGR [FSPGR], a¼ 3 �, 14

�
; repetition time/echo time

[TR/TE], 10.7 ms/5 ms; field of view [FOV]¼25.6�
25.6 cm; matrix size¼256�256�80; slice thickness¼
2 mm), as well as a low spatial resolution, high flip-angle
set (SPGR, a¼130 �, 150 �; TR/TE¼ 50 ms/5 ms; FOV¼
25.6� 25.6 cm; matrix size¼64�64� 40; slice thickness¼
4 mm). B1 maps contained values of a correction factor,
such that B1applied ¼ B1map � B1nominal, where B1applied was
the true radiofrequency (RF) amplitude and B1nominal was
the prescribed RF amplitude.

CEST

The protocol was optimized to enhance the CEST effect
from amide, amine, and aliphatic NOE pools, based on
the methods in our past publications (22,23), and to
resolve small differences in exchange rate constant. An
axial slice was chosen for CEST imaging at the level of
largest tumor diameter determined from volume imaging.
CEST spectrum images were collected for offset frequen-
cies sampled every 25 Hz between –750 and 750 Hz
(�66 parts per million [ppm]) and with a reference
image at 100 kHz (�1,500 ppm) for a total of 64 offset fre-
quencies. The RF saturation scheme consisted of three
block pulses of duration 250 ms, for a total of 750 ms
(saturation bandwidth¼1.3 Hz), of amplitude 0.52 mT
(equivalent flip angle, 2,000 � per pulse). Each block was
followed by a 2.5-ms delay, during which spoilers were
applied in the slice selection direction. After the satura-
tion pulse, SPIR fat suppression was applied for a dura-
tion of 12 ms. Data acquisition was with echo planar
imaging (EPI; two dimensional [2D] fast field echo,
TR/effective TE¼ 1,532 ms/29.84 ms; FOV¼ 20�20 cm;
reconstruction matrix size¼ 80� 80; slice thickness¼
3 mm; echo train length¼67, single shot). Time between
RF saturation schemes with different frequency offsets
was equal to the TR (1,532 ms), which included a delay
to satisfy duty-cycle constraints and allow recovery
back to equilibrium. The CEST spectrum experiment was
repeated five times, for a total of 12 minutes.

CSF-Suppressed T2-Weighted

A single T2-weighted slice was acquired with the same
FOV and resolution as the CEST images (FLAIR, TR/TE¼
9,000 ms/125 ms; inversion time [TI]¼ 2,800 ms).

Postcontrast T1-Weighted

After the CEST acquisition, patients were injected with a
T1-shortening agent (gadodiamide) and a high-resolution
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T1-weighted Axial CLEAR slice stack was obtained (TR/
TE¼ 9.5 ms/2.3 ms; flip angle¼ 8 �; FOV¼ 22�22 cm;
matrix size¼ 448� 448� 113; slice thickness¼ 1.5 mm).
This sequence is used clinically for treatment planning.

Region of Interest

Regions of interest (ROIs) in the region of tumor that
enhanced after contrast agent injection (ie, excluding the
necrotic core), peritumoural edema (if present), and the
necrotic core (if present), were drawn manually on the
first CEST reference image using the postcontrast
T1-weighted images as a visual reference. ROIs were also
manually drawn in ipsi- and contralateral regions of
normal-appearing white matter (NAWM), henceforth
denoted as “ipsilateral NAWM (iNAWM)” and “contralateral
NAWM (cNAWM).” In cases where a patient had multiple
treated brain metastases, the largest tumor at the pretreat-
ment time point was chosen for subsequent analysis.
Because the variable flip-angle images for T1 and B1 map-
ping were acquired in a different plane than the CEST series,
the three-dimensional (3D) maps were first registered to the
3D postcontrast weighted images with FLIRT (FSL (24,25)),
and the 2D CEST EPI spectrum image at the frequency of
greatest contrast (–1ppm, –125Hz) was registered to the cor-
responding 2D slice in the postcontrast volume (2D MIND
(26)) and the resulting transformations used to map the ROI
defined in the CEST image space to the T1/B1 space, so that
average T1 and B1 within the ROI could be calculated.

Tumor Volume

Tumor volumes were calculated from the sum of the
voxel volume from ROIs drawn manually on each slice
of the Axial T1 CLEAR images with tumor contrast
enhancement by an observer blinded to the CEST results.
The percentage change in tumor volume (DV) between
pretreatment and 1 month was calculated for all patients
as follows (Eq. [1]):

DVmth�pre ¼ 100�ðVmth � VpreÞ=Vpre½%� [1]

CEST Postprocessing

CEST spectrum images were registered to the first image
from the first repetition of the CEST sequence, using the
deformable modality-independent 2D descriptor (2D
MIND) (26) with Gauss-Newton registration. B0 inhomo-
geneities were corrected by fitting a Lorentzian function
to the data points in a region surrounding the minimum
of the direct effect, and then the CEST data were shifted
so that the minimum of the fitted function was at 0 Hz.
A spline was fit to the shifted CEST spectrum, and it
was resampled at the same offset frequencies as the
imaging protocol. The five repetitions were each normal-
ized so that the reference signal intensity was 1 and
averaged to produce a corrected CEST data set for the
final spectra upon which the metrics were calculated.

Calculation of CEST Metrics

Three categories of CEST metrics were calculated from
(1) the conventional amide proton transfer weighted

images (APTw), (2) a Lorentzian decomposition of the Z-

spectrum to obtain peak amplitudes and width, and fur-

ther inverted and corrected with T1 to obtain (3) the

apparent exchange-dependent relaxation (AREX) metric.

(1) The amide proton transfer weighted image (Eq. [2]):

APTw ¼
�

Sð–3:5 ppmÞ – Sð3:5 ppmÞ
�
=SðrefÞ [2]

S(3.5ppm) was the image in the CEST data set closest to

3.5ppm after B0 correction, and S(ref) was the reference

image.
(2) The peak amplitude of each CEST effect (with

amplitude “A”, width “w,” and offset frequency

“D0”) from a Lorentzian decomposition of the

CEST spectrum (Eq. [3]):

SðDÞ ¼ 1�
Xp

i¼1

Ai 1þ D� D0i

0:5 �wi

� �2
 !�1

[3]

Five peaks were fit: “magnetization transfer” (broad

shape centered at –3.5 ppm); “bulk water” (centered at

0 ppm); “amide” (centered at 3.5 ppm); “amine” (cen-

tered at 2 ppm); and “NOE” (centered at –3.5 ppm). The

offset frequency of the peaks was allowed to vary in the

fit, using the nominal value as a starting guess. The peak

amplitude was constrained to be non-negative. The spec-

trum, S, was computed as the best fit between the cor-

rected CEST spectra and the sum of Lorentzians,

determined by minimization of the root-mean-square

(RMS) error. This method is referred to as “peakfit”

throughout the remainder of this work.
(3) The AREX metric was computed for each CEST

effect from the Lorentzian peakfit spectrum and T1 maps

as follows (technique from Windschuh et al. (27)), as

shown by Equations [4], [5], [6], and [7]:

ZlabðDÞ ¼ SðDÞ [4]
Zref ;iðD0iÞ ¼ Ai [5]

MTRRexðD0iÞ ¼
1

ZlabðD0iÞ
� 1

Zref ðD0iÞ
[6]

AREXðD0iÞ ¼
MTRRex

T1obs
[7]

where D0i is the offset frequency of the CEST peak; S(D)

and Ai are as defined in Equation [3]. Maps were gener-

ated by performing these operations on each individual

voxel. A CEST data set was declared an outlier and not

used in subsequent analysis if the average RMS error in

the peakfit tumor ROI exceeded 2 times the median abso-

lute deviation (28) of the average RMS error across all

ROIs. This occurred in the event of motion or in cases

where the tumor was in close proximity to regions of

large susceptibility variations.
Region-specific metrics were obtained by averaging the

values of the maps over each ROI. A partial-volume cor-

rection scheme was used (29) because many of the ROIs

were small compared to the voxel size and it was unde-

sirable to have the metrics influenced by surrounding
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regions, but also impossible to draw ROIs, which were

confidently completely within the desired tissue. For

this correction scheme, a one-voxel border surrounding

the ROI was used as the “spill-out” region, and a further

one-voxel border beyond the spill-out region was used as

the “background.” At a first approximation, both the

peak amplitude and width vary linearly with B1 (30,31).

Therefore, tumour B1 values were used as a multiplica-

tive correction factor for the CEST peak amplitudes and

widths.
Two criteria were used to evaluate the utility of CEST

metrics determining patient response:

1. One-week predictive value: The 1-week predictive

value was defined as the Pearson’s correlation coef-

ficient of the relationship between the absolute or

relative change in value of the metrics 1 week after
treatment, DCESTwk-pre, and DCESTwk-pre/CESTpre,

respectively, and the change in volume between

pretreatment and 1 month, DVmth-pre.
2. Baseline predictive value: The baseline predictive

value was defined as the Pearson’s correlation coef-

ficient of the relationship between the value of the

metrics before treatment, CESTpre, and the change

in volume between pretreatment and 1 month

DVmth-pre.

For both the 1-week and baseline predictive value, the

threshold P value for significance of the Pearson’s corre-

lations was chosen to be 0.05.

RESULTS

Of the 25 patients involved in the study, all of them had
a pretreatment data set, 5 had neither of the follow-up
scans, 5 were missing the final time point, and 1 was
missing 1-week post-treatment data, but had the 1-month
post-treatment time point. One of the patients missing
CEST at the final time point still had tumor volume mea-
sured, and 2 had tumors that were not visible on CEST
MRI. Six data sets were classified as outliers given that
their error exceeded 2 times the median absolute devia-
tion and were not included in the analysis. Ultimately,
the predictive value of the baseline and 1-week CEST
changes could be assessed for 17 patients. Of the 20
patients with volume measured 1 month post-treatment,
12 had greater than 30% tumor volume reduction, 5 had
change in volume between 0% and 30%, and 3 had
increasing tumor volume at 1 month.

For each patient at each time point, ROIs were created
using the high-resolution post-contrast T1-weighted
images from the same time point as a visual reference
(see Fig. 1 for example ROIs). Not all patients had
regions of edema or necrosis; therefore, the number of
these ROIs is less than 17: There were seven necrosis
ROIs and 13 edema ROIs for baseline predictive and
eight edema ROIs for 1-week predictive. CEST metrics
were calculated on the corrected, averaged data from
each CEST parameter map. An example CEST spectrum
is shown in Figure 2, illustrating the metrics at the fol-
lowing locations: amide (3.5 ppm); amine (2 ppm); NOE

FIG. 1. Representative data set show-
ing axial images and placement of

ROIs. (a) T1-weighted post-Gd CLEAR,
(b) T2-weighted FLAIR, (c) CEST refer-

ence image, (d) CEST reference image
with enhancing tumour overlay, and (e)
CEST reference image with ipsilateral

NAWM overlay.
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(–3.5 ppm); direct effect (0 ppm); and MT (broad effect

centered at between –3.5 and 0 ppm). The mean error of

the fit within the tumor after removal of outlier data sets

was 1.04 6 0.88% (standard error of the mean difference

between the CEST spectrum data and the summed Lor-

entzian functions from the peakfit spectrum across all fit-

ted voxels for each patient).

Pretreatment (Baseline) Metrics

Figure 3 shows a bar plot comparison of average values

of all metrics across all patients for each ROI type at the

pretreatment time point. Significant differences (Wil-

coxon rank-sum test at P<0.01) between regions of gray

matter, white matter, edema, tumor, and necrosis were

evident between paired regions for each metric. APTw

was negative in all ROIs and higher in the tumor than in

NAWM or inflammation. The MT amplitude was lower

in the tumor than the NAWM, the amide and amine

peak amplitudes were significantly greater within the

tumor, and the NOE peak amplitude was lower than the

values in NAWM. There was no significant difference

between ipsi- or contralateral NAWM for any of the met-

rics at baseline. MT and amide peak amplitude were the

only metrics that were significantly different between

enhancing tumor and regions of edema. There was no

significant difference between any of the amine peak

amplitude ROIs at baseline. Notably, AREX in the

enhancing tumor was lower than in NAWM for each of

the amide, amine, and NOE offset frequencies. MT

amplitude offered the best discrimination between tumor

and adjacent NAWM at the pretreatment time point.

Among the CEST-weighted images, the best tumor contrast
was measured at the NOE offset frequency (P�0.01).

One-Week Predictive Value

The 1-week predictive value of each metric, representing
early change post-therapy, was computed by comparing
CEST metric changes between pretreatment and 1 week
with volume changes between pretreatment and 1 month,
with scatter plots shown in Figure 4. No correlation was
observed between changes in APTw at 1 week and volume
changes in any of the ROIs. For the peakfit metrics, signifi-
cant correlation was observed between volume changes
and the relative change in NOE peak amplitude,
DpeakNOE

wk�pre, in contralateral NAWM (R¼ 0.69; P¼0.0021;
n¼ 17), DpeakNOE

wk�pre in ipsilateral NAWM (R¼ 0.56; P¼
0.019; n¼17), and DpeakMT

wk�pre in edema (R¼ 0.77;
P¼ 0.027; n¼ 8). The change in AREX metric calculated at
the NOE offset frequency in the contralateral NAWM was
also positively correlated with tumor volume changes
(R¼ 0.59; P¼ 0.033; n¼ 13). Within the tumor, there was a
significant negative correlation between the volume
changes at 1 month and the absolute change in the NOE
width, DwidthNOE

wk�pre (R¼ –0.55; P¼0.028; n¼ 18), as well
as the absolute change in amine AREX, DAREXamine

wk�pre

(R¼ 0.58; P¼ 0.039; n¼ 13).
The DpeakNOE

wk�pre in contralateral NAWM was the only
metric for which it was possible to define a threshold
value (increase in NOE amplitude above 11%) that sepa-
rated the patients with tumor volume increase at 1
month from patients with tumor volume decrease at 1
month. Volume changes at 1 week were not predictive of
tumor volume at 1 month (P¼ 0.36; Fig. 5).

Baseline Predictive Value

Baseline predictive value of each metric was computed
by comparing the pretreatment CEST metrics to the vol-
ume changes at 1 month. In general, we observed nega-
tive associations for the peak amplitude, indicating that
patients who had lower values of these CEST metrics
before treatment were most likely to have greater
increase in tumor volume after 1 month.

For APTw, no significant correlation (P>¼ 0.05) was
observed between volume changes and APTw at base-
line. For the peakfit metrics, a significant correlation
(P< 0.05) was observed between volume changes and
NOE amplitude in contralateral NAWM (R¼ –0.69;
P¼ 0.0022; n¼ 17). The baseline NOE AREX in contralat-
eral NAWM was also significantly correlated (R¼ –0.65;
P¼ 0.011; n¼14). Scatter plots detailing these relation-
ships are shown in Figure 6. The metric with the next
lowest P value was the amide width in ipsilateral
NAWM (R¼ –0.45; P¼ 0.070; n¼ 17), although the corre-
lation was not significant.

Interestingly, for all metrics at both the baseline and 1-
week predictive time points, the correlation with therapy
response was greater with ROIs in the NAWM and ede-
ma than within the enhancing tumor. The CEST of
necrotic core ROIs did not show any correlation with
changes in volume post-treatment (P> 0.2). We also did
not observe any correlation (P> 0.1) between the abso-
lute value of CEST metrics evaluated at the 1-week time

FIG. 2. Example Z-spectrum of B0-corrected, averaged ROI data,

on a zoomed-in spectrum (Mz>0.75). The peak fit was limited to
five Lorentzian-shaped peaks representing the following features

and offset frequencies: direct effect from bulk water (0); amide
protons from the protein backbone (3.5 ppm, 450 Hz); amine pro-
tons (-NH2) from protein side chains; creatine and adenosine tri-

phosphate (2 ppm); NOE from aliphatic protons (-CH) (–3.5 ppm,
450 Hz); and magnetization transfer from protons in semisolid

macromolecules (–3.5 to 0 ppm).
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point (CESTwk) and therapy response in any ROI region
(data not shown).

Although the correlations between edema and NAWM
with treatment response were stronger than within the
tumor, there were individual patients with tumors that
were representative of the observed trends. Example
images of the CEST effect at the amide offset frequency

at each time point are shown for patients with decrease
(Fig. 7a) and increase (Fig. 7b) in tumor volume at 1
month. The patient with tumor volume decrease had a
slightly increased amide effect within the tumor rim at
baseline, which decreased 1 week post-treatment to a
value similar to the surrounding edema, whereas the
necrotic zone increased in volume. The patient with

FIG. 3. Average ROI values for CEST peak amplitude, APTw, and AREX in necrotic core, edema, ipsi- and contralateral normal-appearing

white matter, and enhancing tumor expressed as the mean followed by the interquartile range in brackets over all patients at the pretreat-
ment time point. Values are expressed as percent of the reference signal. Paired groups are significantly different by the Wilcoxon rank-sum
test at P<0.01.

FIG. 4. Significant correlations were found between changes in volume at 1 month and changes 1 week post-therapy in the relative

peak amplitude evaluated at the NOE frequency in (a) contralateral and (b) ipsilateral NAWM, (c) the absolute change in the width of the
NOE peak within the tumor, (d) the relative change in MT peak amplitude in edema, and (e) the absolute change in amine AREX within

the tumor. Blue triangles: decrease in volume 1 month post-therapy; red squares: increase in volume 1 month post-therapy.

CEST for Predicting Response to SRS in Human Brain Metastasis 1115



tumor volume increase had low amide effect within the

tumor at baseline, which increased at the 1-week time

point.

Correlation Between CEST and T1

We also observed a correlation between tumor T1 and

the CEST metrics, notably between T1 and the NOE

width in contralateral NAWM (P¼ 0.0038) and edema

(P¼ 0.039) and MT amplitude in contralateral NAWM

(P¼ 0.041). However, changes in T1 within the enhanc-

ing tumor after 1 week were not significantly correlated

with volume changes at 1 month (P¼0.09; n¼ 18) nor

were baseline T1 values (P¼ 0.26, n¼ 18), as shown in

Figure 5.

DISCUSSION

The CEST spectrum contains a wealth of features,

including peaks related to water exchanging with pro-

tons in protein backbone amides, amine and aliphatic

groups in protein side chains, and small metabolic,

mobile lipids, broad MT effect from semisolid macromo-

lecules, and the direct effect from the saturation of bulk

water. CEST spectra were collected at three time points

for patients with brain metastases who had been treated

with SRS. We looked at several CEST metrics, APTw,

Lorentzian peak properties, and AREX. APTw is a valu-

able metric because of its simplicity: It does not require

any fitting beyond that involved in the B0 correction and

only depends on two images (reference and CEST-

weighted image) and thus is very fast. Its disadvantage is

that it presupposes the offset frequency of the CEST

effect and is nonspecific because of being a compound

metric consisting of all overlapping effects at 3.5 ppm

and the opposite frequency, which are asymmetric about

the water resonance, resulting in a strong NOE contribu-

tion (in addition to the desired amide effect). The peakfit

metrics depend on the acquisition of the entire range of

the CEST effect, requiring longer acquisition times, but

have flexibility in the fitting procedure for the placement

of the peak offset frequency. They isolate the individual

effects, which also allow much of the influence of MT

and direct effect to be removed, however, are still

impacted by effects of bulk water T1. Further specificity

is gained by the AREX technique, which corrects for the

T1 influence by inverting the CEST spectrum data and

then dividing by T1 values obtained from a separate

map.

Pretreatment Baseline

APTw was negative in all of the ROIs studied, which

was a consequence of the saturation pulse amplitude,

which, at low power, produced a larger effect size at the

NOE frequency than at the amide. MT amplitude was

lower in the tumor than in the NAWM, and in the

necrotic core was lower than in the enhancing tumor

(Fig. 3). This is consistent with previous observations of

MT contrast in brain tumors (32,33), which show that

the contrast is proportional to the concentration of large

macromolecular structures, such as myelin and collagen,

which are reduced in the tumor. NOE amplitude was

lower in the enhancing tumor than surrounding NAWM,

as observed in some past human brain tumor studies

(34,35). Incidentally, in a previous study, we observed

higher NOE amplitude in engrafted mouse tumors com-

pared to the surrounding tissue (22), but, in this case,

the adjacent tissue was muscle rather than the myelin-

lipid–rich NAWM. The NOE peak amplitude was higher

than the amide amplitude for all ROIs, which is a conse-

quence of the relatively low RF power (0.52mT) used in

this protocol (36,37), which reduced the saturation width

of all the peaks and enhanced the NOE peak (37) at the

expense of having a larger CEST asymmetry.

FIG. 5. (a) There was no significant correlation between changes in tumor volume 1 week post-therapy and the change after 1 month. (b)

There was a small, but insignificant (P>0.05), correlation between enhancing tumor T1 pretreatment and the change in volume after 1
month. (c) There was no significant correlation between changes in T1 1 week post-therapy and the change in tumor volume after 1 month.

Blue triangles: decrease in volume 1 month post-therapy; red squares: increase in volume 1 month post-therapy.

FIG. 6. Scatter plot detailing significant correlation between the
NOE peak amplitude and the NOE AREX at the pretreatment time

point in contralateral NAWM, and volume changes at 1 month post-
treatment. Blue triangles: decrease in volume 1 month post-therapy;

red squares: increase in volume 1 month post-therapy.
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Similar to another study (38), which was conducted at
7T, this study did not find a significant difference
between the amide AREX in tumor and NAWM. Howev-
er, the AREX metric calculated at the NOE offset fre-
quency had a much lower value within the tumor than
in the surrounding normal-appearing tissue, implying
that, for this offset frequency, there is exchange-related
contrast between the two ROIs that is not simply attrib-
uted to T1 differences.

Performance of Predictive Metrics

One-Week Predictive

Most of the significant correlations from the Lorentzian
peakfit between the change in CEST metrics 1 week
post-therapy and the volume change at 1 month were
positive. This indicated that tumors that grew relatively
faster in the month post-therapy had a greater increase
in CEST metrics at 1 week than tumors that reduced or
remained stable in size. A positive association was also
noted between changes in the NOE peak amplitude in
NAWM (both ipsi- and contralateral) at 1 week and the
volume changes at 1 month. NOE peak amplitude is
influenced by the presence of aliphatic and olefinic pro-
tons and exchange with nearby protons in amide groups

and other labile groups. It is possible that lipid peroxida-
tion, as a result of radiation, causes an increase in cyto-
plasmic lipids (39), which could contribute to higher
NOE effect, but it does not explain why the effect was
greater for patients with tumors that increased in volume
at 1 month. On average, amide peak amplitude also
increased in patients with growing tumors, and likewise
decreased in those that responded to therapy. This is
consistent with research that shows cell lines that are
responsive to radiation have a reduced APT effect (7,8)
post-treatment and that the APTw of apoptotic/necrotic
tissue is lower (22) than surrounding active tumor.

A negative correlation was observed between the abso-
lute change in width of the NOE peak between baseline
and 1 week and volume changes at 1 month. A decrease
in the NOE peak width with SRS treatment could occur
because of increasing T1 or T2 (ie, attributed to edema)
or a decrease in the exchange rate constant (attributed to
inaccessibility of exchange sites or reduction in pH).

The change in MT within the edema ROIs after 1 week
was significantly positively correlated with the volume
changes at 1 month. Increased magnetization exchange
rate constant (which typically would cause increased
magnetization transfer ratio [MTR]) as a result of edema
was previously observed preclinically and in human

FIG. 7. Example CEST amide effect maps within the tumor and immediately surrounding tissue, including edema, at baseline and 1
week post-treatment for 2 patients had: (a) tumor volume decrease 1 month post-therapy and (b) tumor volume increase 1 month
post-therapy. The margins of the enhancing tumor are indicated with an arrow and outlined in black on the CEST maps. The corresponding

slice from the high resolution, contrast-enhanced T1-weighted volume is shown for comparison.
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volunteers subsequent to typhoid vaccination (40). Base-
line MTR of edema ROIs, however, was lower than the
surrounding tissue, suggesting a difference between
radiation-induced edema and tumor-induced edema. Tis-
sue MTR has been found to increase after radiotherapy
in a study comparing irradiated breast tissue with the
contralateral, untreated breast (41). MTR of irradiated
polymer gels increased because of enlarged macromolec-
ular pool size from radiation-induced polymerization (ie,
radiation fibrosis in irradiated tissue), but without an
increase in exchange rate constant (42). It is unclear why
the MT amplitude in regions of edema would be more
sensitive to radiation treatment than within tumors,
except that the structure of edematous brain tissue is
likely more uniform than the tumor and close enough to
the tumor to have been exposed to the effects of SRS.

The AREX defined at the amine frequency offset
(DAREXamine

wk�pre) inside the enhancing tumor was signifi-
cantly correlated with tumour growth at 1 month (Fig.
4e). Although this peak was not evident in the Z-spectra
acquired at 3T, from previous experience we had
observed a CEST peak in tumors at 2 ppm with a similar
protocol, ostensibly attributed to chemical exchange
with amine groups of creatine (43). Creatine concentra-
tion is a metric of metabolism, which is reduced inside
metastases (44) and found to inversely correlate with
tumor grade (45). We found an increase of amine AREX
in the tumors, which increased in volume post-SRS ther-
apy, which is consistent with reports of increased crea-
tine levels in recurrent tumors post-SRS (46).

Baseline Predictive

NOE amplitude in contralateral NAWM was the stron-
gest baseline predictive factor (P< 0.01) and was nega-
tively correlated with tumor volume changes at 1 month.
Higher tumor cellularity has been associated with grade
(47) or rate of proliferation (48), and NOE has been asso-
ciated with cellularity (34), but that argument is in oppo-
sition to the observations in this study. Another theory
is that lower CEST metrics at baseline could be a conse-
quence of low pH attributed to hypoxia, which is a hall-
mark of resistance to radiation treatment (49). The
aliphatic protons can be indirectly linked to pH through
intramolecular saturation transfer to nearby labile
groups, which, themselves, have a pH-dependent proton
exchange rate constant. This is still a matter of debate,
with no pH dependence of NOE observed in a bovine
serum albumin phantom by Jin et al (50), but a weak pH
dependence observed in a similar phantom by Jones et al.
(34), with differences ascribed to the analysis method.
The peakfit technique is a simplification of the Lorentzian
difference technique used in the latter reference, so it is
expected to detect a similar pH dependence in NOE.

General Observations

Interestingly, changes outside the enhancing tumor (ie,
in NAWM and edema) had a stronger correlation with
tumor volume than ROIs within the tumor itself (Figs. 4
and 6). Several studies have found differences between
ipsilateral NAWM and contralateral NAWM in patients
with brain tumors (51–53), and perfusion changes were

discovered in nontumor regions post-SRS (54). It has
also been observed that the P value of comparisons with-
in the NAWM are often lower than within the tumor
(55). Our results suggest that early CEST metric increases
in normal-appearing tissue post-treatment could be
indicative of future tumor expansion. Asymmetry analy-
sis has previously shown that CEST can distinguish
between regions of tumor and edema (56,57), and corre-
lations in this work between changes in CEST in regions
of edema and volume changes at 1 month indicate that
CEST could be useful to separate pure edema from
tumor-infiltrated edema, where MRI contrast based on
different mechanisms have had limited success (58). The
value of CEST as a baseline predictive marker in
healthy-appearing tissue could be indicative that the
properties of the surrounding healthy-appearing tissue
are deterministic of whether the region is susceptible to
tumor inception. It may be possible to extend to patients
with nonmetastatic cancer to use CEST to determine
whether they are vulnerable to metastasis.

Volume Changes at 1 Month as a Metric
of Therapy Response

In this study, CEST metrics were correlated with volume
changes in brain metastases 1 month post-SRS. It is
acknowledged that this is still an early time point, and
that clinical response is not generally established until at
least 3 months post-therapy (59). Given that the relative
volume response in the first weeks post-SRS can be vari-
able (60–63), and an increase in volume at 1 month
could realistically occur, even with effective therapy, we
did not classify the patients in this study into clinical
responder or nonresponder groups. However, for the
patients for which 6-month data were available, we
observed a correspondence between tumor status at 1
and 6 months according to the RANO-BM (Response
Assessment in Neuro-Oncology for Brain Metastases
(59)) criteria (partial response: solid tumor volume
decrease by more than 30%; stable disease: solid tumor
volume decrease by less than 30%; and progressive dis-
ease: volume increase less than 20%, solid tumor volume
increase greater than 20%). The paper outlining the
RANO-BM criteria specifically acknowledges that
patients treated with SRS may experience enlargement
in tumor volume, which is not necessarily tumor pro-
gression. It is generally accepted, though, that if tumors
are rated as progressive growth on two scans separated
by 6 weeks or more, then this qualifies as radiographical
progression. The comparison between CEST metrics and
clinical response at 6 months will be future work in this
ongoing study.

CONCLUSIONS

In this study, CEST spectra were acquired at baseline
and 1-week post-SRS therapy. Each of APTw (MTR
asymmetry at 3.5 ppm), peak amplitude and width from
a Lorentzian fit to the spectra, and the relaxation-
insensitive AREX metric were compared with changes in
tumor volume 1 month post-therapy. NOE peak ampli-
tude within normal-appearing white matter had the high-
est correlation with volume changes out of all evaluated
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metrics, which may be because of relative tissue unifor-
mity in NAWM and low RF saturation power, which
enhanced the NOE effect. Baseline value and early
changes in post-treatment CEST metrics are promising as
biomarkers of tumor volume response to targeted radia-
tion therapy and could be used to inform future treat-
ment decisions.

REFERENCES

1. Linskey ME, Andrews DW, Asher AL, et al. The role of stereotactic

radiosurgery in the management of patients with newly diagnosed

brain metastases: a systematic review and evidence-based clinical

practice guideline. J Neurooncol 2010;96:45–68.

2. Sharpton SR, Oermann EK, Moore DT, Schreiber E, Hoffman R,

Morris DE, Ewend MG. The volumetric response of brain metastases

after stereotactic radiosurgery and its post-treatment implications.

Neurosurgery 2014;74:9–16.

3. Eisenhauer E, Therasse P, Bogaerts J, et al. New response evaluation

criteria in solid tumours: revised RECIST guideline (version 1.1). Eur

J Cancer 2009;45:228–247.

4. Chenevert TL, McKeever PE, Ross BD. Monitoring early response of

experimental brain tumors to therapy using diffusion magnetic reso-

nance imaging. Clin Cancer Res 1997;3:1457–1466.

5. Thoeny HC, Ross BD. Predicting and monitoring cancer treatment

response with diffusion-weighted MRI. J Magn Reson Imaging 2010;

32:2–16.

6. Stanisz GJ. Diffusion MR in biological systems: tissue compartments

and exchange. Israel J Chem 2003;43:33–44.

7. Zhou J, Tryggestad E, Wen Z, et al. Differentiation between glioma

and radiation necrosis using molecular magnetic resonance imaging

of endogenous proteins and peptides. Nat Med 2011;17:130–134.

8. Sagiyama K, Mashimo T, Togao O, et al. In vivo chemical exchange

saturation transfer imaging allows early detection of a therapeutic

response in glioblastoma. Proc Natl Acad Sci U S A 2014;111:4542–

4547.

9. Dula AN, Arlinghaus LR, Dortch RD, Dewey BE, Whisenant JG, Ayers

GD, Yankeelov TE, Smith SA. Amide proton transfer imaging of the

breast at 3 T: establishing reproducibility and possible feasibility

assessing chemotherapy response. Magn Reson Med 2013;70:216–224.

10. Haris M, Nanga RP, Singh A, Cai K, Kogan F, Hariharan H, Reddy R.

Exchange rates of creatine kinase metabolites: feasibility of imaging

creatine by chemical exchange saturation transfer MRI. NMR Biomed

2012;25:1305–1309.

11. Paech D, Burth S, Windschuh J, et al. Nuclear overhauser enhance-

ment imaging of glioblastoma at 7 Tesla: region specific correlation

with apparent diffusion coefficient and histology. PLoS One 2014;10:

e0121220.

12. Ward KM, Balaban RS. Determination of pH using water protons and

chemical exchange dependent saturation transfer (CEST). Magn

Reson Med 2000;44:799–802.

13. Sun PZ, Sorensen AG. Imaging pH using the chemical exchange satu-

ration transfer (CEST) MRI: correction of concomitant RF irradiation

effects to quantify CEST MRI for chemical exchange rate and pH.

Magn Reson Med 2008;60:390–397.

14. Zhou J, Payen JF, Wilson DA, Traystman RJ, van Zijl PC. Using the

amide proton signals of intracellular proteins and peptides to detect

pH effects in MRI. Nat Med 2003;9:1085–1090.

15. Zhou JY, Blakeley JO, Hua J, Kim M, Laterra J, Pomper MG, van Zijl

PC. 2008. Practical data acquisition method for human brain tumor

amide proton transfer (APT) imaging. Magn Reson Med 2008;60:842–

849.

16. Togao O, Yoshiura T, Keupp J, et al. Amide proton transfer imaging

of adult diffuse gliomas: correlation with histopathological grades.

Neuro-Oncology 2014;16:441–448.

17. Wen Z, Hu S, Huang F, Wang X, Guo L, Quan X, Wang S, Zhou J.

MR imaging of high-grade brain tumors using endogenous protein

and peptide-based contrast. Neuroimage 2010;51:616–622.

18. Jia G, Abaza R, Williams JD, et al. Amide proton transfer MR imaging

of prostate cancer: a preliminary study. J Magn Reson Imaging 2011;

33:647–654.

19. Salhotra A, Lal B, Laterra J, Sun PZ, van Zijl PC, Zhou JY. Amide

proton transfer imaging of 9L gliosarcoma and human glioblastoma

xenografts. NMR Biomed 2008;21:489–497.

20. Zhou J, Tryggestad E, Wen Z, et al. Differentiation between glioma

and radiation necrosis using molecular magnetic resonance imaging

of endogenous proteins and peptides. Nat Med 2010;17:130–134.

21. Chavez S. Optimized Method of Slopes (MoS) produces robust and

efficient 3D B1-corrected T1 maps. In Proceedings of the 20th Annual

Meeting of ISMRM, May 5–11, 2012, Melbourne, Australia, p. 5242.

22. Desmond KL, Moosvi F, Stanisz GJ. Mapping of amide, amine, and

aliphatic peaks in the CEST spectra of murine xenografts at 7 T.

Magn Reson Med 2014;71:1841–1853.

23. Desmond KL and Stanisz GJ. Understanding quantitative pulsed

CEST in the presence of MT. Magn Reson Med 2012;67:979–990.

24. Jenkinson M, Smith S. A global optimisation method for robust affine

registration of brain images. Med Image Anal 2001;5:143–156.

25. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization

for the robust and accurate linear registration and motion correction

of brain images. Neuroimage 2002;17:825–841.

26. Heinrich MP, Jenkinson M, Bhushan M, Matin T, Gleeson FV, Brady

M, Schnabel JA. MIND: modality independent neighbourhood

descriptor for multi-modal deformable registration. Med Image Anal

2012;16:1423–1435.

27. Windschuh J, Zaiss M, Meissner JE, Paech D, Radbruch A, Ladd ME,

Bachert P. 2015. Correction of B1-inhomogeneities for relaxation-

compensated CEST imaging at 7 T. NMR Biomed 2015;28:529–537.

28. Leys C, Ley C, Klein O, Bernard P, Licata L. 2013. Detecting outliers:

do not use standard deviation around the mean, use absolute devia-

tion around the median. J Exp Soc Psychol 2013;49:764–766.

29. Hofheinz F, Langner J, Petr J, Beuthien-Baumann B, Oehme L,

Steinbach J, Kotzerke J, van den Hoff J. A method for model-free par-

tial volume correction in oncological PET. EJNMMI Res 2012;2:1–12.

30. Henkelman RM, Huang X, Xiang QS, Stanisz GJ, Swanson SD,

Bronskill MJ. Quantitative interpretation of magnetization transfer.

Magn Reson Med 1993;29:759–766.

31. Samson RS, Wheeler-Kingshott CA, Symms MR, Tozer DJ, Tofts PS.

A simple correction for B1 field errors in magnetization transfer ratio

measurements. Magn Reson Imaging 2006;24:255–263.

32. Pui MH. Magnetization transfer analysis of brain tumor, infection,

and infarction. J Magn Reson Imaging 2000;12:395–399.

33. Okumura A, Takenaka K, Nishimura Y, Asano Y, Sakai N, Kuwata K,

Era S. The characterization of human brain tumor using magnetiza-

tion transfer technique in magnetic resonance imaging. Neurol Res

1999;21:250–254.

34. Jones CK, Huang A, Xu J, et al. Nuclear Overhauser enhancement

(NOE) imaging in the human brain at 7T. Neuroimage 2013;77:

114–124.

35. Heo HY, Zhang Y, Lee DH, Hong X, Zhou J. Quantitative assessment

of amide proton transfer (APT) and nuclear overhauser enhancement

(NOE) imaging with extrapolated semi-solid magnetization transfer

reference (EMR) signals: application to a rat glioma model at 4.7 Tes-

la. Magn Reson Med 2016;75:137–149.

36. Paech D, Burth S, Windschuh J, et al. Nuclear Overhauser enhance-

ment imaging of glioblastoma at 7 Tesla: region specific correlation

with apparent diffusion coefficient and histology. PLoS One 2015;10:

e0121220.

37. Zhou J, Hong X, Zhao X, Gao JH, Yuan J. APT-weighted and NOE-

weighted image contrasts in glioma with different RF saturation pow-

ers based on magnetization transfer ratio asymmetry analyses. Magn

Reson Med 2013;70:320–327.

38. Khlebnikov V, Polders D, Hendrikse J, Robe PA, Voormolen EH,

Luijten PR, Klomp DW, Hoogduin H. Amide proton transfer (APT)

imaging of brain tumors at 7 T: the role of tissue water T1-relaxation

properties. Magn Reson Med 2017;77:1525–1532.

39. Boren J, Brindle K. Apoptosis-induced mitochondrial dysfunction

causes cytoplasmic lipid droplet formation. Cell Death Differ 2012;

19:1561–1570.

40. Harrison NA, Cooper E, Dowell NG, Keramida G, Voon V, Critchley

HD, Cercignani M. 2014. Quantitative magnetization transfer imaging

as a biomarker for effects of systemic inflammation on the brain. Biol

Psychiatry 2015;78:49–57.

41. Itoh Y, Matsushima S, Kinosada Y, Fuwa N, Kikuchi Y. [Quantitative

evaluation of magnetization transfer ratio in irradiated breast with

breast conservation therapy]. [Article in Japanese]. Nihon Igaku Hosh-

asen Gakkai Zasshi 1997;57:67–68.

42. Gochberg DF, Fong PM, Gore JC. Studies of magnetization transfer

and relaxation in irradiated polymer gels-interpretation of MRI-based

dosimetry. Phys Med Biol 2001;46:799–811.

CEST for Predicting Response to SRS in Human Brain Metastasis 1119



43. Cai K, Singh A, Poptani H, Li W, Yang S, Lu Y, Hariharan H, Zhou

XJ, Reddy R. CEST signal at 2 ppm (CEST@ 2ppm) from Z-spectral fit-

ting correlates with creatine distribution in brain tumor. NMR

Biomed 2015;28:1–8.

44. Ishimaru H, Morikawa M, Iwanaga S, Kaminogo M, Ochi M, Hayashi

K. Differentiation between high-grade glioma and metastatic brain

tumor using single-voxel proton MR spectroscopy. Eur Radiol 2001;

11:1784–1791.

45. Yerli H, A�gildere AM, €Ozen €O, Geyik E, Atalay B, Elhan AH. Evalua-

tion of cerebral glioma grade by using normal side creatine as an

internal reference in multi-voxel 1H-MR spectroscopy. Diagn Interv

Radiol 2007;13:3–9.

46. Ruzevick J, Kleinberg L, Rigamonti D. Imaging changes following ste-

reotactic radiosurgery for metastatic intracranial tumors: differentiat-

ing pseudoprogression from tumor progression and its effect on

clinical practice. Neurosurg Rev 2014;37:193–201.

47. Hayashida Y, Hirai T, Morishita S, et al. Diffusion-weighted imaging

of metastatic brain tumors: comparison with histologic type and

tumor cellularity. Am J Neuroradiol 2006;27:1419–1425.

48. Gore JC, Manning HC, Quarles CC, Waddell KW, Yankeelov TE. Mag-

netic resonance in the era of molecular imaging of cancer. Magn

Reson Imaging 2011;29:587–600.

49. Vaupel P, Kelleher DK, H€ockel M. Oxygenation status of malignant

tumors: pathogenesis of hypoxia and significance for tumor therapy.

Semin Oncol 2001;28(2 Supple 8):29–35.

50. Jin T, Wang P, Zong X, Kim SG. MR imaging of the amide-proton

transfer effect and the pH-insensitive nuclear overhauser effect at 9.4

T. Magn Reson Med 2013;69:760–770.

51. Brunberg JA, Chenevert TL, McKeever P, Ross DA, Junck LR,

Muraszko KM, Dauser R, Pipe JG, Betley A. In vivo MR determination

of water diffusion coefficients and diffusion anisotropy: correlation

with structural alteration in gliomas of the cerebral hemispheres. Am

J Neuroradiol 1995;16:361–371.

52. Bobek-Billewicz B, Stasik-Pres G, Majchrzak K, Senczenko W,

Majchrzak H, Jurkowski M, Połetek J. Fibre integrity and diffusivity

of the pyramidal tract and motor cortex within and adjacent to brain

tumour in patients with or without neurological deficits. Folia Neuro-

pathol 2010;49:262–270.

53. Tozakidou M, Wenz H, Reinhardt J, Nennig E, Riffel K, Blatow M,

Stippich C. Primary motor cortex activation and lateralization in

patients with tumors of the central region. Neuroimage Clin 2013;2:

221–228.

54. Jakubovic R, Sahgal A, Ruschin M, Pejović-Milić A, Milwid R, Aviv
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