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Abstract
Purpose The objective was to investigate (with quantitative MRI) whether the normal appearing white matter (NAWM) of 
glioblastoma (GBM) patients on the contralateral side (cNAWM) was different from NAWM of healthy controls.
Methods Thirteen patients with newly diagnosed GBM and nine healthy age-matched controls were MRI-scanned with 
quantitative magnetization transfer (qMT), chemical exchange saturation transfer (CEST), and transverse relaxation time 
 (T2)-mapping. MRI scans were performed after surgery and before chemo-radiation treatment. Comprehensive qMT, CEST, 
 T2 data were acquired. A two-pool MT model was fit to qMT data in transient state, to calculate MT model parameters 
[R, T2b, RM0b∕Ra, 1∕RaT2a] . CEST signal was isolated by removing the contributions from the MT and direct water satu-
ration, and CEST signal was calculated for Amide  (CESTAmide), Amine  (CESTAmine) and nuclear overhauser effect, NOE 
 (CESTNOE).
Results There was no difference between GBM patients and normal controls in the qMT properties of the macromolecular 
pool (R, T2b, RM0b∕Ra) . However, their free water pool spectrum was different (1/RaT2a,patient = 28.1 ± 3.9, 1/
RaT2a,control = 25.0 ± 1.1, p = 0.03). This difference could be attributed to the difference in their  T2 time ( Tobs

2, patient
 = 83 ± 4, 

T
obs
2, control

 = 88 ± 1, p = 0.004). CEST signals were statistically significantly different with the  CESTAmide having the largest 
difference between the two cohorts  (CESTAmide,patient = 2.8 ± 0.4,  CESTAmide,control = 3.4 ± 0.5, p = 0.009).
Conclusions CEST in cNAWM of GBM patients was lower than healthy controls which could be caused by modified brain 
metabolism due to tumor cell infiltration. There was no difference in MT properties of the patients and controls, however, the 
differences in free water pool properties were mainly due to reduced  T2 in cNAWM of the patients (resulting from structural 
changes and increased cellularity).

Keywords Quantitative magnetization transfer (qMT) · Chemical exchange saturation transfer (CEST) · Glioblastoma 
(GBM) · Normal appearing white matter (NAWM)

Introduction

Glioblastoma (GBM) is the most common malignant pri-
mary brain tumor in adults [1]. Despite the advances in 
treatment regimens which involve a combination of sur-
gery, chemotherapy and radiotherapy [2–4], GBM outcome 
remains poor with a median survival rate of 15–18 months 
for newly diagnosed patients [5, 6]. This poor treatment out-
come could be partially associated with the invasive nature 
of GBM tumor that infiltrates into surrounding tissues and 
distant sites of the brain, the extent of which cannot be deter-
mined with anatomical imaging used in standard clinical 
practice [7].

In early twentieth century, radical surgical resection of 
the entire affected hemisphere was unsuccessful in stopping 
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recurrence due to tumor cells having already crossed into 
the other hemisphere [8]. More recently, Sahm et al. used 
histopathological assessment of post-mortem human brain 
and demonstrated the presence of infiltrating tumor cells in 
macroscopically inconspicuous areas distant from the tumor 
[9]. Such infiltration undermines the surgical resection and 
radiotherapy that are prescribed according to anatomical 
imaging such as post-Gadolinium (Gd)  T1-weighted MRI 
and  T2-weighted FLAIR-MRI. Understanding the mecha-
nism and extent of glioma infiltration is crucial in improving 
the efficacy of future GBM treatments.

Careful examination of most-mortem brain in more than 
100 glioma patients by Scherer et al. [10], demonstrated 
that glioma invasion (unlike other malignant solid-tumors) 
follows a distinct multi-step process. Glioma cells use pre-
existing brain structures (named secondary structures by 
Scherer) and migrate through the tortuous extracellular 
space by spreading within (intrafascicular), around (peri-
fascicular), and between (interfibrillar) white matter tracts 
[10, 11]. Glioma cells have been reported to preferentially 
use the surface of myelin sheaths of neighboring neurons 
as a scaffold for attachment and migration [12]. At early 
stages of invasion (prior to destruction of adjacent struc-
tures), invasive cells can be identified along the myelinated 
white matter tracts with minimal damage to the pre-existing 
neuronal structures, keeping the white mater tracts intact [7, 
10, 11]. During infiltration, glioma cells follow and resemble 
the pre-existing structures such that they are indistinguish-
able from these underlying structures [10]. Such infiltration 
however increases the cellularity (by filling the extracellular 
spaces) and also disrupts the white matter fiber tracts and 
alter brain metabolism.

In recent years, there has been a growing interest in using 
chemical exchange saturation transfer (CEST) to character-
ize and monitor GBM response to therapy [13–17]. CEST is 
sensitive to concentration and exchange of mobile proteins 
and peptides. It reflects changes in metabolism and could 
provide further insight into the origin of observed abnor-
malities in contralateral normal appearing white matter 
(cNAWM) of GBM patients. CEST spectrum—representing 
the effect of CEST, magnetization transfer (MT), and direct 
water saturation—has been demonstrated to have lower val-
ues in GBM tumors compared to normal brain tissues [18] 
which is mainly due to the low MT of the tumor.

MT, which is a major building block of CEST measure-
ments, is a contrast mechanism that is sensitive to concentra-
tion of macromolecular protons and their exchange with free 
water protons. Quantitative MT (qMT) enables measuring 
the characteristics of the macromolecular protons including 
bound proton fraction, relaxation times of the bound and free 
water pools, as well as the exchange rate between the two 
pools. qMT has been shown in multiple sclerosis [19, 20] to 
be sensitive to demyelination which results from damage to 

the neurons. Lower MT properties have also been reported 
for GBM tumors and edema compared to white matter [21].

In the current study, we employed qMT, which mostly 
represents myelin integrity and to less extend cell membrane 
integrity [22], CEST, which reflects tissue metabolism [23], 
and transverse relaxation time  T2 which is related to tissue 
micro-structure, to investigate the origins of abnormalities 
in cNAWM of GBM patients.

Materials and methods

Study design

Thirteen patients with newly diagnosed GBM (8 males/5 
females, age = 54±9 years) and nine healthy controls (7 
males/2 females, age = 48±12 years) were recruited and 
informed consent was obtained under an institutional 
research ethics board (REB) approved protocol. Patients 
were MRI-scanned after surgical resection and prior to the 
start of their chemo-radiation treatment which involved con-
current radiation (60 Gy over 30 fraction, 2 Gy/day) and 
daily Temozolomide for 6 weeks.

MRI acquisition

The patients and healthy controls were scanned on a 3T 
Philips Achieva MRI system with eight-channel SENSE 
head coil with the following MRI sequences:

An oblique axial slice passing through the largest cross-
section of the tumor was chosen for CEST and MT imaging. 
MT spectrum images were acquired for 13 offset frequen-
cies. The first two images in the spectrum were acquired at 
100 kHz (780 ppm) offset and were averaged to generate 
the reference image. The remaining 12 offset frequencies 
covered the range between 250 Hz (~ 2 ppm) and 100 kHz 
with logarithmic spacing.

The MT spectrum images were acquired with six unique 
combinations of RF power amplitudes (B1 = 1.5/3.0/5.0 µT) 
and saturation durations (Tsat = 485/970 ms). The RF sat-
uration consisted of two or four block-shaped pulses of 
242.5 ms each. There was also a delay of 2.5 ms after each 
block, during which spoilers were applied in the slice selec-
tion direction.

CEST spectrum images were acquired for offset frequen-
cies between − 750 Hz (− 5.9 ppm) and 750 Hz (5.9 ppm) 
at 25 Hz increments. Four reference offsets of 100 kHz 
(~ 780 ppm) were acquired at the beginning and another four 
reference images were acquired at the end of the spectrum. 
The RF saturation consisted of: four block-shaped pulses of 
242.5 ms each, for a total of 970 ms, and RF amplitude, B1 
was equal to 0.52 µT.
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For both CEST and MT readout a fast field echo (FFE) 
sequence was used with turbo field echo (TFE)-factor = 20, 
TR/TE = 7.78  ms/4.5  ms, half-scan = 0.8, acquisition-
matrix = 132 × 95, reconstruction-matrix = 144 × 144, 
FOV = 20 cm × 20 cm, slice-thickness = 3 mm. There was 
also a spectral attenuated inversion recovery (SPIR) fat 
suppression (12 ms) after the saturation pulses and before 
the TFE acquisition.

In order 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 con-
secutive saturations equal to 1 s and 2 s, for RF Tsat of 
485 ms and 970 ms respectively. The time between con-
secutive images for MT spectrums with B1 = 5.0 µT were 
longer due to hardware and SAR limitations (4481 ms for 
Tsat = 970 ms, and 2000 ms for Tsat = 485 ms). The total 
duration of MT acquisition was 3.1 min, and CEST spec-
trum was acquired twice for a total duration of 4.4 min.

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

The method of Slopes (MoS) was used for B1- and 
T1-mapping [24]. MoS image acquisition consisted of 
high spatial resolution images with small flip angles (FFE, 
α = 3°, 14°, TR/TE = 10.7 ms/5 ms, FOV = 20 cm × 20 cm, 
matrix-size = 224 × 224 × 40, slice-thickness = 2  mm), 
as well as low spatial resolution images with large flip 
angles (FFE, α = 130°, 150°, TR/TE = 50  ms/5 ms, 
FOV = 20 cm × 20 cm, matrix-size = 80 × 80 × 20, slice-
thickness = 6 mm). The low resolution, large flip angle 
images were used for B1-mapping and the high resolution, 
low flip angle data allowed for high resolution T1-mapping 
[25, 26].

A x i a l  3 D  T 1 - w e i g h t e d  i m a g i n g  ( T R /
TE = 9.5 ms/2.3 ms, α = 8°, FOV = 22 cm × 22 cm, matrix-
size = 448 × 448 × 113, slice-thickness = 1.5 mm) was also 
performed (with and without Gd injection in patients and 
volunteers respectively) and was used for defining the 
NAWM region of interest (ROI).

Data analysis

Images of all six MT spectrums, two CEST spectrums, 
multi echo images for T2-mapping, and the images for 
T1/B1-mapping were co-registered to the first acquired 
image (first reference image corresponding to the first 
CEST spectrum) using affine registration in Elastix 
[27]. The following CEST and qMT analyses were then 
performed.

MT analysis

The images of each MT spectrum were normalized with 
respect to their reference image and then fit to a two-pool 
tissue model consisting of the water pool and the semi-solid 
macromolecular pools [28–30]. The closed-form signal 
equation presented by Henkelman [28] assumes that the MT-
prepared magnetization has reached steady-state. However, 
it is not practical to satisfy this condition in patients using 
clinical scanners (due to SAR and hardware limitations). The 
qMT modeling was performed in transient state using the 
Bloch–McConnel equations as follows [30–33]:

where Δ is the frequency offset and �1 is the amplitude of 
the saturation pulse. R is the MT exchange rate constant 
between the two pools, Ra and Rb are the longitudinal relaxa-
tion rates, and M0a and M0b are proportional to spin popula-
tion in each pool. MXa, MYa, MZa are the longitudinal and 
transverse magnetization terms of the water pool, and mag-
netization in semisolid pool is approximated by its longi-
tudinal component, MZb [34, 35]. MT exchange effects on 
the semi-solid pool are expressed with the absorption rate 
constant Rrfb [36] for which we used a super Lorentzian line-
shape given by:

To determine the MT model parameters, Ra , the longi-
tudinal relaxation rate of the liquid pool (without interfer-
ence from the semi-solid pool), has to be determined inde-
pendently [28]. This relaxation rate was related to Robs

a
 , the 

observed longitudinal relaxation rate of the combined two-
pool system (which includes the effects of exchange and 
semi-solid pool) using Eqs. (3) [28]:

Robs
a

 for each voxel was measured through R1-mapping. 
The longitudinal relaxation rate of the semi-solid pool, Rb , 
was fixed to unity [28, 29, 37], and therefore the system 
could be represented with four independent parameters [
R, T2b, RM0b∕Ra, 1/RaT2a

]
 . The differential equations in 

eq-[1] were fit voxel-by-voxel to the data in transient-state 

(1)

⎧
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using matrix exponentials and through Levenberg–Mar-
quardt algorithm.

CEST analysis

B0 inhomogeneity correction was performed by fitting a 
Lorentzian line-shape to the data points surrounding the 
direct effect (|offset| < 1.3 ppm) and the end tails of the 
spectrum (|offset| > 4.5 ppm), and then shifting the spec-
trum such that the minimum was at 0 Hz. CEST spectrum 
was then re-sampled at the same offset frequencies as the 
imaging protocol [38]. Any voxel whose spectrum failed 
to fit to the Lorentzian line-shape was discarded.

Correction for signal drift, which occurs as a result of 
drop in performance of RF amplifier or coil [39, 40], was 
also performed using the reference images at the two ends 
of each spectrum and assuming a linear drift. The CEST 
spectrum of each voxel was then normalized with respect 
to the first reference image at the beginning of the spec-
trum [38]. For each voxel, the two normalized spectra were 
then averaged to produce the CEST spectrum.

Contributions of MT and direct water saturation 
were removed from the CEST spectrum using the 
parameters calculated in the qMT analysis. MT spec-
trum for the  B1 power and saturation  duration of the 
CEST acquisition (B1 = 0.52 μT, Tsat = 970 ms)  was 
calculated for the offset frequency range of the CEST 
data  (– 5.9 ppm  < Δ < 5.9 ppm). This signal, which 
reflected the effects of both MT and direct water satura-
tion, was then added to the CEST spectrum to remove 
their effects. Finally B1-inhomogeneity correction was 
performed [41] to provide pure CEST signal.

The CEST signal corresponding to Amides, Amines, 
and nuclear overhauser effect (NOE), as well as Amide 
proton transfer (APT) signals were then calculated:

where S(Δ) represented the CEST signal at offset frequency 
Δ. Lorentzian decomposition of the CEST spectrum (with-
out removing MT and direct saturation effects) was also 
performed which provided four Lorentzian line-shapes cor-
responding to Amide (3.5 ppm), NOE (− 3.5 ppm), Amine 
(2 ppm) and bulk water (0 ppm) [38, 40]. The area under 
the curve (AUC) of CEST peaks (with units of % Hz) corre-
sponding to NOE (AUC NOE), Amide (AUC Amide) and Amine 
(AUC Amine) protons were then calculated [38, 40, 42].

CESTAmide = 1 − S(3.5 ppm)

CESTAmine = 1 − S(2.0 ppm)

CESTNOE = 1 − S(−3.5 ppm)

APT = CESTAmide − CESTNOE

Normal tissue ROIs

Two ROIs of cNAWM were identified for each GBM patient, 
and four NAWM ROIs were delineated for healthy controls 
(two on each hemisphere) as shown in Fig. 1. The ROIs were 
defined on the high resolution  T1-weighted MRI (an area of 
uniform signal intensity on white matter).

CEST and qMT metrics were calculated voxel-by-voxel, 
and considering the metric distribution is not Gaussian over 
the ROIs, the median metric value over each ROI was calcu-
lated to represent the ROI. Then, the median metric values 
of all ROI of each subject (two for each patient and four for 
each healthy control) were averaged to provide the metric 
value of the patient (or the healthy control). Thus, the CEST 
and qMT metrics over each white matter region had equal 
weight on the final metric value of the patient (or healthy 
control), regardless of the size of the ROI. Assessment of 
the Statistical significance of differences between param-
eters was performed using two-sample t test. This unpaired 
test was selected as the number of cases in the two cohorts 
were not equal (the significance level was set at *p < 0.05, 
**p < 0.01).

Results

For a representative patient and a healthy control, Fig. 1 
shows  T1-weighted-MRI (with and without Gd for patient 
and control respectively),  T2-weighted FLAIR and the nor-
mal appearing white matter ROIs. Figure 1 also shows the 
CEST and MT spectrums for cNAWM of the GBM patient.

A total of 26 cNAWM ROIs were defined for GBM 
patients, and for the healthy controls 36 NAWM ROIs were 
identified. The ROI volumes for healthy controls ranged 
between 0.5 cm3 and 2.0 cm3. There were four ROIs defined 
for each healthy control and the total volume of NAWM that 
was investigated for each healthy control ranged between 
4.2 cm3 and 7.1 cm3 with an average volume of 5.6 cm3 
and standard deviation of 1.0 cm3. The cNAWM ROI vol-
umes for GBM patients ranged between 0.5 cm3 and 2.7 cm3. 
There were two ROIs per patient and thus total volume of 
cNAWM that was investigated for each GBM patient ranged 
between 1.4 cm3 and 4.6 cm3 with an average volume of 
2.6 cm3 and standard deviation of 0.9 cm3.

Parametric maps of qMT model for the representative 
GBM patient and the healthy control are shown in Fig. 2. 
Lower amount of MT  (RM0b/Ra) and macromolecular pool 
size  (M0b) in the tumor area are visible in this figure. Also, 
it can be seen that white matter had higher MT content com-
pared to gray matter.

Figure 3 shows parametric maps of CEST signals for 
the representative GBM patient and the healthy control. 
GBM tumor was demonstrating higher APT signal (as 
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expected), lower  CESTNOE and relatively equal  CESTAmide 
and  CESTAmine signals compared to white matter. The distri-
butions of CEST signals for the healthy control were similar 
everywhere across white matter.

Table 1 reports the distribution of qMT parameters for 
cNAWM of GBM patients and NAWM of healthy controls. 
This table shows that the parameters corresponding to the 
macromolecular pool, i.e., amount of MT  (RM0b/Ra), 

Fig. 1  The post-Gd  T1-weighted (a) and  T2-weighted FLAIR (c) 
images of a GBM patient as well as the two cNAWM ROIs (each 
color represents one ROI) overlaid on the post-Gd  T1-weighted 
MRI (e). The high resolution  T1-weighted MRI (b) and  T2-weighted 
FLAIR (d) images of a healthy control as well as the four NAWM 

ROIs overlaid on the  T1-weighted image (f). The six MT spectrums 
(the dots are the data points and the solid lines are the qMT model fit) 
(g) and the CEST spectrum (dots represent the acquired data points) 
(h) for cNAWM of the patient (CEST and qMT spectrums were aver-
aged over cNAWM ROI)

Fig. 2  Parametric maps of qMT model for a GBM patient and a healthy control subject
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exchange rate (R), macromolecular pool-size  (M0b),  T2 of 
macromolecular pool  (T2b), as well as the longitudinal 
relaxation rate of the entire voxel were similar between 
patients and healthy controls (p > 0.05). Thus, the macro-
molecular content of white matter was intact  in GBM 
pat ien ts .  However,  t he  f ree  wate r  pool  (1 /
RaT2a,patient = 28.1 ± 3.9, 1/RaT2a,control = 25.0 ± 1.1, 
p = 0.03) and  T2 of the entire voxel ( Tobs

2, patient
= 83 ± 4, 

Tobs
2, control

= 88 ± 1, p = 0.004) were statistically significantly 
different between controls and patients (demonstrating 
structural changes and increased cellularity in cNAWM of 
GBM patient).

Table  2 reports the CEST metrics for the cNAWM 
of GBM patients and the NAWM of healthy controls, 
showing that there was decreased CEST signal for NOE 
 (CESTNOE,patient = 6.9 ± 0.6,  CESTNOE,control = 7.3 ± 0.5, 

Fig. 3  Parametric maps of CEST metrics for a GBM patient and a healthy control subject

Table 1  Quantitative MT 
parameter values for cNAWM 
of GBM patients and NAWM of 
healthy controls

Statistically significantly different parameters are shown in bold
Mean ± standard deviation derived from average parameter value over white matter ROIs
*p < 0.05; **p < 0.01

Scan RM
0b∕Ra R (s−1) 1∕RaT2a M

0b (%) T
2b (μs) Ra (s

−1) Robs
a

(s−1) Tobs
2

(ms)

Patients 2.8 ± 0.2 16.4 ± 1.3 28.1 ± 3.9 15.0 ± 1.0 11.6 ± 0.4 0.88 ± 0.05 0.90 ± 0.04 83 ± 4
Controls 2.9 ± 0.1 16.8 ± 0.9 25.0 ± 1.1 14.7 ± 1.0 11.8 ± 0.2 0.86 ± 0.04 0.88 ± 0.03 88 ± 1
p Value 0.26 0.40 0.03* 0.32 0.12 0.32 0.31 0.004**

Table 2  CEST parameter values for cNAWM of GBM patients and NAWM of healthy controls

Statistically significantly different parameters are shown in bold
Mean ± standard deviation derived from average parameter value over white matter ROIs
*p < 0.05; **p < 0.01

CESTNOE (%) CESTAmide (%) CESTAmine (%) APT (%) AUCNOE (% Hz) AUCAmide (% Hz) AUCAmine (% Hz)

Patients 6.9 ± 0.6 2.8 ± 0.4 1.9 ± 0.7 − 4.0 ± 0.4 11.1 ± 1.0 2.2 ± 0.6 2.3 ± 0.8
Controls 7.3 ± 0.5 3.4 ± 0.5 2.5 ± 0.3 − 3.9 ± 0.3 10.8 ± 0.9 2.7 ± 0.6 2.4 ± 0.8
p Value 0.09 0.009** 0.03* 0.44 0.52 0.07 0.89
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p = 0 .09) ,  Amide  (CESTAmide,pat ient = 2 .8  ± 0 .4 , 
 CESTAmide,control = 3.4 ± 0.5, p = 0.009) and Amine 
 (CESTAmine,patient = 1.9 ± 0.7,  CESTAmine,control = 2.5 ± 0.3, 
p = 0.03) in cNAWM of GBM patients compared to con-
trols (although  CESTNOE difference did not reach statistical 
significant level). Moreover, the APT signal of the patients 
was slightly lower than controls (although not statistically 
significant). These CEST metrics demonstrate the altered 
white matter metabolism in GBM patients.

Figure 4 graphically shows the CEST, qMT, and  T2 met-
rics that were statistically significantly different between the 
two cohorts as well as the APT signal, showing the altered 
metabolism (CEST) and increased cellularity (qMT and 
Tobs
2

 ) in the GBM patients.

Discussion

GBM is an invasive tumor that infiltrates into brain tissues 
distant from the tumor mass [9, 10, 43], which cannot be 
detected with standard anatomical and functional imag-
ing techniques [44]. Several groups have investigated the 
NAWM of GBM patients on the hemisphere contralateral 
to the tumor (cNAWM) with diffusion tensor imaging (DTI) 
[45–47] and magnetic resonance spectroscopy (MRS) [43, 
48]. These studies report abnormal high values (compared 
to healthy controls) for the apparent diffusion coefficient 
(ADC) and mean diffusivity (MD) measured with DTI 
[45–47]. Moreover MRS shows decrease in N-acetylaspar-
tate (NAA) concentration and also increased ratio of Choline 
to NAA (Cho/NAA) [43, 48]. The origin of these abnormali-
ties is not well understood, however, it is hypothesized that 

they are caused by increased toxicities due to the presence of 
infiltrating GBM tumor cells in the white matter [43, 46–48].

In this study, qMT which evaluates myelin integrity in 
white matter tracts and cell membrane integrity,  T2-mapping 
that is sensitive to micro-structural changes, and CEST that 
reflects tissue metabolism were used to investigate abnor-
malities in cNAWM of GBM patients. It is worth noting that 
the  T2-mapping, qMT, and CEST imaging experiments were 
performed independent of each other. The patient popula-
tion was selected such that the GBM tumors were located 
at different locations and in both hemispheres of the brain. 
Moreover, the cNAWM of patients and the NAWM of con-
trols were selected to be at as many different portions of 
the brain as possible which covered most brain structures. 
Thus, the observed changes in quantitative MRI parameters 
reflected the global changes in the brain caused by the pres-
ence of GBM tumor.

CEST measurements such as the commonly used APT 
metric are confounded by the contributions from MT and 
direct water saturation [14]. In this study, MT and direct 
water saturation effects were removed from CEST spectrum 
using the qMT experiment to provide pure CEST signal. 
These CEST signals (Table 2; Fig. 4) representing the ampli-
tude of CEST peaks were statistically significantly lower 
in cNAWM of GBM patients compared to healthy controls 
 (CESTAmide, p = 0.009,  CESTAmine, p = 0.03). Although not 
statistically significant, the AUC of the CEST peak cor-
responding to Amide protons was also lower (p = 0.07) in 
patients. However, the AUC of Amine peak was not statisti-
cally significantly different between patients and controls 
which could be associated with the accuracy of Lorentzian 
decomposition process in isolating and separating this peak. 

Fig. 4  Left: the distribution (mean and standard deviation) of the 
CEST metrics that were statistically significantly different between 
patients and controls as well as the APT (not significant). Right: the 

distribution (mean ± standard deviation) of  T2 and qMT parameters 
that were statistically significantly different between patients and con-
trols (*p < 0.05; **p < 0.01)
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The lower CEST signals in patients confirm the altered brain 
metabolism in cNAWM of GBM patients.

Previous studies have shown that the tumor cells dem-
onstrate high CEST signal [14, 49] due to their high meta-
bolic activity. However, despite presence of GBM cells, 
the CEST signals in cNAWM of patients in this study were 
lower which could be associated with the fact that infiltrating 
glioma cells express very low proliferation rate resulting in 
lower metabolic activity (which is being picked up by CEST 
metrics). Such behavior allows the infiltrating GBM cells to 
survive during invasion and also be less sensitive to treat-
ments [11, 50, 51].

The APT was also lower in cNAWM of GBM patients 
but was not statistically significant  (APTpatient = − 4.0 ± 0.4, 
 APTcontrol = − 3.9 ± 0.3, p = 0.44). High APT values have 
been reported for GBM tumors compared to normal tissue 
[14]. As can be seen in Fig. 3, the  CESTNOE signal of tumor 
was significantly lower than white matter however their 
 CESTAmide was relatively similar, which resulted in high 
APT values in the tumor. In cNAWM however, the drop in 
 CESTNOE and  CESTAmide signals were comparable (Table 2), 
leading to insignificant differences in APT of patients and 
controls.

The qMT analysis results reported in Table 1 showed no 
difference between patients and controls in the amount of MT 
 (RM0b/Ra), macromolecular pool size  (M0b), and exchange 
rate (R). The lower  T2b in cNAWM of GBM patients com-
pared to healthy controls shows increased density of mac-
romolecular content (although it was not statistically sig-
nificant, p = 0.12). Also, there was statistically significant 
increase in 1/RaT2a of patients (1/RaT2a,patient = 28.1 ± 3.9, 1/
RaT2a,control = 25.0 ± 1.1, p = 0.03). This difference was due 
to the lower  T2a in cNAWM of patients  (Ra was the same 
for controls and patients), and suggested there was higher 
cellular density in cNAWM of GBM patients. These qMT 
properties are in agreement with the fact that infiltrating 
glioma cells migrate through and occupy the extracellular 
space (increasing cellularity), and cause no damage to the 
neuronal structures at early phases of infiltration (no change 
in MT).

The higher cellular density in cNAWM of GBM patients 
(shown by differences in 1/(RaT2a), and  T2a) was further con-
firmed by the lower Tobs

2
 ( Tobs

2, patient
 = 83 ± 4, Tobs

2, control
 = 88 ± 1, 

p = 0.004) in cNAWM of GBM patients ( Tobs
2

 imaging and 
calculation was performed independent of qMT 
measurement).

The main limitation of this study was its small sample 
size. Considering the differences between the cNAWM 
of patients and NAWM of healthy controls are relatively 
small, larger population is needed to accurately demon-
strate these differences. In particular for the  CESTNOE and 
 AmideAUC , which although were not statistically significant 

in the current study, the p values were very close to statisti-
cal significance level (p = 0.07 for  AmideAUC  and p = 0.09 for 
 CESTNOE). Also, the lack of histo-pathological confirmation 
for presence of infiltrating GBM cells in cNAWM of patients 
and the fact that cNAWM of patients cannot be biopsied, 
makes explaining the observed effects challenging. More-
over, the long scan time of CEST and qMT experiments 
limited the current study to a single slice through the brain. 
However, not all brain white matter gets involved in GBM 
infiltration, requiring much larger coverage of the brain to 
better study the effects. The main objective of this study 
was to identify the metrics that were different between the 
two cohorts and thus, data of the entire CEST spectrum was 
acquired. Future studies could focus on a single metabolite 
(i.e. Amide peak which demonstrated the largest difference) 
to decrease scan time and facilitate larger coverage of the 
brain. Comprehensive qMT data was also acquired, however 
MT quantification could be performed with fewer spectrums 
which could be optimized in future studies to reduce scan 
time.
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