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Abstract

Purpose: To evaluate the role of amide proton transfer-weighted (APT-w) magnetic resonance
imaging (MRI) in differentiating neoplastic and infective mass lesions using different contrast
normalizations, region of interest (ROI) selection, and histogram analysis.

Procedures: Retrospective study included 32 treatment-naive patients having intracranial mass
lesions (ICMLs): low-grade glioma (LGG) =14, high-grade glioma (HGG) =10, and infective
mass lesions = 8. APT-w MRI images were acquired along with conventional MRI images at 3 T.
APT-w contrast, corrected for Bo-field inhomogeneity, was computed and optimized with respect
to different types of normalizations. Different ROls on lesion region were selected followed by
ROI analysis and histogram analysis. Statistical analysis was performed using Shapiro-Wilk’s
test, t tests, ANOVA with Tukey’s post hoc test, and receiver operation characteristic (ROC)
analysis.

Results: ICMLs showed significantly (p<0.01) higher APT-w contrast in lesion compared with
contralateral side. There was a substantial overlap between mean APT-w contrast of neoplastic
and infective mass lesions as well as among different groups of ICMLs irrespective of ROI
selection and normalizations. APT-w contrast (using type 4 normalization: normalized with
reference signal at negative offset frequency and APT-w contrast in normal-appearing white
matter) reduced variability of APT-w contrast across different subjects, and overlap was less
compared with other types of normalizations. There was a significant difference (p<0.05)
between neoplastic and infective mass lesions using t test for different histogram parameters of
type 4 normalized APT-w contrast. ANOVA with post hoc showed significant difference
(p<0.05) for different histogram parameters of APT-w contrast (Type 4 normalization) between
LGG and HGG, LGG, and infective mass lesion. Histogram parameters such as standard
deviation, mean of top percentiles, and median provided improved differentiation between
neoplastic and infective mass lesions compared with mean APT-w contrast. A greater number of
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histogram parameters of type 4 normalized APT-w contrast corresponding to active lesion region
can significantly differentiate between ICMLs than other types of normalizations and ROls.

Conclusions: APT-w contrast using type 4 normalization and active lesion region (ROI-2) should
be used for studying APT. APT-MRI should be combined with other MRI techniques to further

improve the differential diagnosis of ICMLs.

Key words: Chemical exchange saturation transfer (CEST), Amide proton transfer—weighted,
MRI, Neoplastic mass lesions, Infective mass lesions, Intracranial mass lesions

Introduction

Most of the pathological processes are initiated by abnormal
changes in biomolecular environment at the cellular level.
In vivo and non-invasive detection of these biomolecules is
important for diagnosis and characterization of diseases.
Due to low concentration of these labile molecules, in vivo
detection of these molecules is not possible using conven-
tional imaging [1]. Recently, chemical exchange saturation
transfer (CEST) [2—6] has been proposed as a novel non-
invasive magnetic resonance imaging (MRI) contrast
mechanism for high-resolution mapping of molecular
information in biological tissues. CEST contrast at an offset
frequency of +3.5 ppm from water protons resonance, at
low saturation RF power, has been reported [7] to be
sensitive to amide protons of labile peptides and small
proteins. This contrast is widely known as amide proton
transfer (APT) contrast [7-9]. More specifically, this
contrast has additional signal contributions from other
multiple confounding molecules, and thus, appropriate
nomenclature is amide proton transfer—weighted (APT-w)
[10] contrast. APT-w MRI is sensitive to low concentration
of biomolecules (endogenous cellular proteins and peptides)
[11] and tissue physiochemical properties (pH and temper-
ature) [8, 12].

Preliminary studies have shown the potential applications
of APT-MRI in stroke [12, 13], central nervous system
(CNS) lymphoma [14], and brain tumor grading [7, 15-20].
Recently, one group has investigated APT-w contrast on
lymphoma and compared with high-grade tumor [14].
Infective mass lesions in the CNS such as tuberculoma
(TB) and neurocysticercosis (NCC) are widely prevalent in
developing countries and sometimes behave similar to
neoplastic mass lesions on conventional MRI. However, till
date, there are no studies available on APT-w imaging of
infective mass lesions and its comparison with neoplastic
mass lesions. Conventional MRI images like T,-w, FLAIR,
and post contrast T,-w (PCT,-w) reveal the location and the
appearance of lesions but does not provide enough knowl-
edge about lesion classification. Standard MRIs along with
other MRIs viz. dynamic contrast-enhanced (DCE) MRI,
diffusion MRI, and magnetization transfer contrast though
provide useful information for detection of infective and
neoplastic mass lesions; still, there are some challenges [21]
in their differentiation. Therefore, potential of APT-

w imaging in differentiating intracranial mass lesions
(ICMLs) needs to be investigated.

Most of the reported studies [13, 14, 16, 19-21] have
used magnetization transfer ratio (MTR) or CEST asymme-
try (CESTueym) to compute APT-w contrast. The conven-
tional method of asymmetry analysis uses M, (signal
intensity without radiofrequency (RF) saturation) for nor-
malization. Some studies have suggested normalization by
negative offset frequency (Mgay 3.5 ppm) Which is the signal
intensity at —3.5 ppm upfield from water resonating
frequency (4.7 ppm which is considered as 0 ppm)) for
increasing dynamic range of contrast [22]. Few studies
reported normalization by mean APT-w contrast using
normal-appearing white matter (NAWM) [15, 19] region
for improved analysis. NAWM are regions on white matter
with no visible hyper-intensity on T,-w, FLAIR, and PCT;-
w images. Previous studies have used different types of
normalizations in isolation. However, effect of different
normalizations on APT-w contrast in terms of differentiation
of ICMLs needs to be evaluated. Region of interest (ROI)
selection on lesion plays an important role; therefore,
optimization for ROI selection also needs to be carried out
in terms of APT-w contrast’s ability in differentiating
ICMLs. Moreover, histogram analysis provides more insight
to gain more information about lesion and thus might
improve the diagnosis and grading [23-25].

We hypothesize that optimum normalization, ROI selec-
tion, and histogram analysis of APT-w contrast can improve
differentiation of ICMLs. The purpose of this study was to
investigate the potential of APT-w contrast in differentiating
infective and neoplastic mass lesions and to determine the
optimal combination using different types of normalizations,
ROI selection, and histogram parameters for more sensitive
detection of tumor against infection.

Materials and Methods
Patient Recruitment

MRI data of 32 treatment-naive patients (24 males,
8 females; mean age 43 years; range 11-82 years) with
ICMLs were included in this study. This retrospective study
was approved by the institutional ethics committee, and
informed consent was obtained from the patients.
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MR Imaging Sequence and Protocols

All the MRI experiments were performed on 3T whole
body Inginia MRI system (Philips Healthcare,
The Netherlands) using a 15-channel head-neck coil for
reception. MRI data included following images as a part of
clinical protocol: T;-w and T,-w turbo spin echo (TSE),
fluid-attenuated inversion recovery (FLAIR), and post
contrast-enhanced T;-w (PCT;-w) images. The following
parameters were used for T,-w: echo train length (ETL)
16, repetition time (TR)/echo time (TE) 3500 ms/90 ms,
field of view (FOV) 240 x 240 mm?, matrix size 256 x 256,
slice thickness 6 mm, slices 12, flip angle 90°; T,-w: ETL
4, TR/TE 360 ms/10 ms, FOV 240 x 240 mm?, matrix size
256 x 256, slice thickness 6 mm, slices 12, flip angle 70°;
DWI: ETL 61, TR/TE 4096 ms/112 ms, FOV 243 x
230 mmz, matrix size 192 x 192, slice thickness 5 mm,
slices 27, flip angle 90°, =0 and 1000; FLAIR: ETL 167,
TR/TE 4700 ms/290 ms, FOV 247 x 247 mm2, matrix size
288 x 288, slice thickness 0.9 mm, slices 25, flip angle 90°,
inversion recover (IR) time 1650 ms. For acquiring PCT-
w images, 0.1 mmol/kg body weight of gadobenate
dimeglumine (Gd-BOPTA) (MultiHance, Bracco) was
administered with the help of power injector at rate of
3 ml/s followed by bolus injection of a 30 ml saline flush.
PCT;-w image was acquired after 2 min of contrast
injection. The parameters for PCT;-w images are ETL
55, TR/TE 700 ms/24 ms, FOV 250 x 250 mm?, matrix
size 560 x 560, slice thickness 0.9 mm, slices 25, flip angle
90°.

The APT-w MRI images were also acquired before
the administration of the contrast agent [26]. The pulse
sequence [27, 28] used to acquire APT-w MRI com-
prised of three sections: four blocks of radiofrequency
saturation preparation pulses (each block with root mean
square B; (Bims) of 2 uT and duration of 200 ms) each
followed by a crusher gradient (saturation duration of
10 ms and amplitude of 10 mT/m), lipid suppression
(flip angle 100° and duration of 17.6 ms) followed by a
crusher gradient (saturation duration of 2 ms and
amplitude of 22 mT/m) and readout. APT-w images
were acquired for a single representative slice (2D
acquisition), positioned at center of lesion, with 64
frequency points (£0 to +1792 Hz with step size of
64 Hz and unsaturated image at 10,000 Hz). Other
imaging parameters were ETL 42, TR/TE 3000 ms/
5.54 ms, FOV 212x212 mm? matrix size 176 x 176,
and flip angle 90°. Fat suppression was achieved using
SPIR. Total scan time for 2D APT-w images was
5.0 min. Water saturation shift referencing (WASSR)
[29] data was also acquired for generating B, map,
which is required for B, inhomogeneity correction of
APT-w images. WASSR images were collected for the
same slice with 26 frequency points (—192 to +192 Hz
with a step size of 16 Hz) using saturation Bj,s of
0.5 uT and duration of 200 ms.

Theory

Exchangeable solute protons of amide group were selec-
tively saturated using RF irradiation. Due to exchange of
protons, the saturation was transferred to bulk water and thus
water signal reduced. For computing APT-w contrast, the
present study used four types of normalizations:

Type 1. APT-w contrast when normalized with M,
(APTyy,):

Msat(*3.5ppm)_Msal(+3 .5ppm)

APTy, = o
0

% 100 (1)

where Mga+35 ppmy and Mgu 35 ppm) are the signal
intensities with downfield and upfield of water resonating
frequency.

Type 2. APT-w contrast when normalized with Mg,
3.5 ppm) (APTNeg):

Msat(*3 .5ppm) 7Msat(+3 .5ppm)

APTyeg = x 100 ()

Msat(*S.Sppm)

Type 3. APT-w contrast when normalized with M, and
NAWM (APTMO,NAWM):

APTy, nawm = APT =M, (3)

where M; is the mean value of APT,,-w contrast in
NAWM.

Type 4. APT-w contrast when normalized with Mg
3.5 ppm) and NAWM (APTNegiNAWM)

APTneg Nawm = APTneg—M> (4)

where M, is the mean value of APTy.-W contrast in
NAWM.

Usually, MTR asymmetry or CEST sy, analysis mitigates
the effect of direct saturation (DS) and magnetization
transfer (MT) with the assumption that DS and MT are
symmetrical [30] around water resonating frequency. As
such, for in vivo data, there is a small MT asymmetry effect,
which confounds APT-w contrast. Along with this, relayed
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nuclear Overhauser effect (rNOE) effect also contaminates
APT-w contrast using asymmetry analysis.

Image Processing and Analysis

All the data processing was performed using in-house
written programs in MATLAB R2014-R2017 (The Math-
Works, Inc., MA, USA). The pre-processing steps included
registration of APT-w, WASSR, T,-w, PCT,-w, and FLAIR
images with T;-w images followed by automated de-
scalping of APT-w images for background noise removal.
The registration and de-scalping were carried out using
SPM12 software. B, map was generated using WASSR
methodology [29]. APT-w images at =3.5 ppm (+448 Hz)
were corrected for B, inhomogeneity using neighborhood
frequency offset data (+£320 to =576 Hz with step size of
64 Hz). Finally, APT-w maps were computed using type 1,
2, 3, and 4 normalization approaches as described in the
previous section. In this study, single slice APT-w images
were processed and analyzed.

ROI Selection and Analysis

In-house developed semiautomatic lesion segmentation
approach based upon seeded region growing algorithm [31]
and morphological operations was used to segment out
different parts of lesion. Firstly, hyper-intense region or
contrast-enhancing region of PCT;-w image was segmented
out using region growing algorithm, and this region
corresponds to active lesion region (ROI-2). For non-
enhancing lesions (n=06), ROI-2 was seclected by experi-
enced radiologist on T,-w image using polygon ROI
selection in MATLAB R2017. Secondly, hyper-intense
region on FLAIR image was segmented using same
semiautomatic segmentation approach. Lastly, FLAIR
hyper-intense mask was combined with contrast-enhancing
mask (ROI-2) to obtain entire lesion region (ROI-1).
Contralateral regions of ROI-1 and ROI-2 (cROI-1 and
cROI-2) were generated automatically using in-house devel-
oped MATLAB code. In addition, NAWM and normal-
appearing gray matter (NAGM) masks were also obtained
using SPM-12 software with T;-w images. Entire lesion
region (ROI-1) was excluded from NAWM and NAGM
followed by morphological operation erosion (kernel size —
3 x 3) to obtain pure NAMW mask and NAGM mask and to
remove contribution from partial volume effects.

Average APT-w contrast in NAWM was used to compute
APT), Nnawm contrast using type 3 normalization and
APTneg nawm contrast using type 4 normalization. Mean
and standard deviation (SD) of APT-w contrast
corresponding to different types of normalizations were
computed from the abovementioned ROIs. APT-w contrast
was reported in the study as mean + SD. Box and whisker
plots were also generated to provide a graphical

representation of data distribution of APT-w contrast.
Computed APT-w maps were color overlaid on anatomical
images.

Histogram Analysis

Histogram analysis [23-25] of APT-w contrast using type 3
and type 4 normalizations corresponding to ROI-1 and ROI-
2 was carried out. Apart from mean and SD, the following
histogram parameters were calculated: (a) median; (b) mode;
(c) kurtosis; (d) skewness; (e) entropy; (f) full width at half
maximum (FWHM); (g) 10th, 25th, 50th, 75th, and 90th
percentile (pr_10, pr_25, pr_50, pr_75, and pr_90); (h) mean
of the values greater than 10th, 25th, 50th, 75th, and 90th
percentile (mtop10, mtop25, mtop50, mtop75, mtop90); and
(1) standard deviations of the values greater than 10th, 25th,
50th, 75th, and 90th percentile (sdtopl10, sdtop25, sdtop50,
sdtop75, sdtop90).

Statistical Analysis

Tests for normality were carried out for all the parameters of
APT-w contrast extracted from both ROI-1 and ROI-2 using
Shapiro-Wilk’s test. This test was carried out for each group
of ICMLs (low-grade glioma (LGG), high-grade glioma
(HGG), and infective mass lesions) separately. After
normality testing, mean, median, mode, and other histogram
parameters of APT-w contrast were compared between
neoplastic mass lesion and infective mass lesion using
independent Student’s ¢ test with two tails. Histogram
parameters of APT-w contrast were also compared among
different groups of ICMLs (LGG, HGG, and infective mass
lesions) using a one-way analysis of variance (ANOVA)
with Tukey’s honestly significant difference (HSD) post hoc
test. While differentiating lesion from contralateral region,
independent Student’s ¢ test was used. The difference was
considered statistically significant if p <0.05. Receiver
operation characteristic (ROC) analysis was conducted to
evaluate the diagnostic performance of the histogram
parameters in differentiating neoplastic from infective mass
lesion, as well as in differentiating ICMLs. Sensitivity,
specificity, area under curve (AUC) with 95 % confidence
interval (CI), accuracy, and cutoff were computed in ROC
analysis. Statistical analysis was performed with a commer-
cially available software package SPSS.v.15 (IBM SPSS
Statistics, v. 15.0; Armonk, NY).

Results
Pathological Diagnosis

A total of 24 neoplastic mass lesions and 8 infective mass
lesions were included in this study. Neoplastic mass lesion
includes 14 LGG (pilocytic astrocytoma =6, WHO grade I;
ganglioglioma=1, WHO grade I; astrocytoma=5, WHO
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grade II; oligodendroglioma=2, WHO grade II) and 10
HGG (anaplastic astrocytoma =4, WHO grade III; anaplastic
oligoastrocytoma=1, WHO grade III; ganglioglioma=1,
WHO grade III; glioblastoma (GBM)=4, WHO grade IV).
Infective mass lesion includes eight patients (TB=3,
tubercular abscess = 1, aspergillus granuloma= 1, NCC = 3).

APT-W Contrast Measurement by Different
Normalizations

Infective and neoplastic mass lesions in the current study
showed significantly (p<0.01) higher APT-w contrast
compared with its contralateral side (Figs. 1 and 2). For
all types of normalizations, APT-w contrast corresponding
to ROI-1 and ROI-2 was significantly (p <0.01) higher
compared with cROI-1 and cROI-2, respectively. In
general, it was found that mean APT-w contrast in NAWM
regions is lower than APT-w contrast in NAGM for all
types of normalizations (Fig. S1, see Electronic Supple-
mentary Material (ESM)). Figure S1 shows that APT, .
NAWM contrast (type 3 normalization) and APTNeg NAWM contrast
(type 4 normalization) have higher dynamic range and
smaller inter-quartile range than APT,, contrast (type 1
normalization) and APTy, contrast (type 2 normalization).
Figure Slc and d shows that median has been shifted to the
center of box plots, which indicate symmetry in distribu-
tion of the data. Figure 1 shows necrotic region with
hypointense APT-w contrast compared with active tumor.
It shows that APT-w maps can clearly differentiate
necrotic or cystic regions from active lesions. The APT-
w maps show a difference in contrast between WM, GM,
and intracranial lesions. Figure 2 shows that variability for
NAWM and NAGM across different subjects was reduced
in APT 0 nawm contrast (column 8) and APTnes nawm
contrast (column 9), whereas variability for NAWM and
NAGM tissues across different subjects was more in
APT)y contrast (column 6) and APTy., contrast (column
7). Figure S2 (see ESM) shows the selections of ROIs on a
representative case of HGG.

The box and whisker plots in Fig. 3 show that there is a
substantial overlap of mean APT-w contrast of neoplastic
and infective mass lesions for all types of normalizations
corresponding to ROI-1 and ROI-2. The mean APT,,
contrast (type 1 normalization) and APTye, contrast (type
2 normalization) for neoplastic mass lesions were 1.35=+
0.98 % and 2.21+1.69 % (for ROI-1) and 1.53+1.16 %
and 2.52+1.98 % (for ROI-2), respectively. The mean
APT,y contrast (type 1 normalization) and APTye,
contrast (type 2 normalization) for infective mass lesions
were 1.31+£0.62 % and 2.35+1.15 % (for ROI-1) and
1.71+0.83 % and 3.09 + 1.53 % (for ROI-2). This showed
that mean APT-w contrast is higher in type 2 than type 1
normalization.

The box and whisker plots (Fig. 4) provide comparison of
average APT-w contrast for different groups of ICMLs,

using type 1, 2, 3, and 4 normalizations, corresponding to
ROI-1 and ROI-2. For all kinds of ROIs and normalizations,
there is a substantial overlap among mean APT-w contrast of
LGG, HGG, and infective mass lesions. The mean APT),,
contrast (type 1 normalization) is lower than APTy,
contrast (type 2 normalization) for all ICMLs corresponding
to ROI-1and ROI-2. The mean APT-w contrast for HGG is
higher than LGG for all types of normalizations and ROls.
The APT-w contrast corresponding to type 4 normalization
and ROI-2 for LGG was 3.58 +0.65 and HGG was 5.14 +
0.811.

Statistical Analysis (Shapiro-Wilk’s Test for
Normality)

Normality test showed that the data sets considered in
this study were normally distributed. A Shapiro-Wilk’s
test (p>0.05) showed that mean APTyeg nawm contrast
(type 4 normalization) corresponding to ROI-2 was
normally distributed for LGG [p value=0.36, skewness =
—0.18 (standard error (SE)=0.59), kurtosis=—1.37
(SE=1.15)], HGG [p value=0.12, skewness=0.91 (SE=
0.69), kurtosis=0.83 (SE=1.33)], and infection [p
value=0.79, skewness=0.81 (SE=0.75), kurtosis=0.31
(SE=1.48)]. Similarly, other histogram parameters also
showed normal distributions for all types of normalized
APT-w contrast.

Statistical Analysis (t Test)

Table 1 shows only those histogram parameters which can
significantly differentiate (p <0.05) between neoplastic and
infective mass lesions using independent Student’s ¢ test.
Mean of APT-w contrast for type 1, type 2, and type 3
normalizations showed insignificant difference between
neoplastic and infective mass lesions for all ROIs. The
mean APTye, nawm contrast (type 4 normalization) can
significantly differentiate (p <0.05) neoplastic from infec-
tive mass lesions for ROI-2 (Table 1) and not for ROI-1.
While comparing histogram parameters of APT-w contrast
corresponding to ROI-1 and ROI-2, a greater number of
histogram parameters can significantly differentiate (p
<0.05) neoplastic from infective mass lesions
corresponding to ROI-2 considering type 4 normalization
(Table 1). Similar number of histogram parameters can
significantly differentiate (p <0.05) between neoplastic and
infective mass lesions for ROI-1 and ROI-2 considering
type 3 normalization. While comparing histogram param-
eters of APT-w contrast corresponding to type 3 and type 4
normalizations, a greater number of histogram parameters
of type 4 than type 3 normalizations can significantly
differentiate (p <0.05) between neoplastic and infective
mass lesions for both ROI-1 and ROI-2.
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Fig. 1 A representative case of intracranial mass lesions (ICMLs). a To-weighted (w), b post contrast T;-w image, ¢ By map,
and d APTyeg map. Active region of lesion shows hyper-intense APT-w contrast compared with contralateral region and other
portions of the brain slice. Necrotic region of the lesion has lower APT-w contrast compared with active tumor.

Statistical Analysis (ANOVA with Post Hoc Test)

Table 2 demonstrates histogram parameters which can
significantly differentiate ICMLs using one-way ANOVA
test. Mean of APT-w contrast for type 1, type 2, and type 3
cannot significantly differentiate different group of ICMLs
for both ROI-1 and ROI-2. Only mean of APTyes nawMm
contrast (type 4 normalization) corresponding to ROI-2 can
significantly differentiate (p <0.05) among different group
of ICMLs. There were a greater number of histogram
parameters for type 4 normalization corresponding to ROI-
2 which provide significant difference (p <0.05) among
ICMLs. One-way ANOVA with Tukey’s HSD post hoc test
showed a significant difference (p <0.05) between LGG and
infection for different histogram parameters of type 4

Tw PCT,-w FLAIR APT-w

Sub:1
Neoplastic
(LGG)

Sub:2
Neoplastic
(HGG)

Sub:3
Infection
(Tubercular
Abscess)

Low High

B, map APTyo

[ ] [ [}
-1ppm  +1ppm -6%

normalizations corresponding to ROI-2. The mode of type
4 normalization provided significant difference (p <0.05)
between LGG and HGG corresponding to ROI-2. The
skewness of type 3 normalization can significantly differen-
tiate (p <0.05) HGG from infection corresponding to ROI-1.
The mean, SD, median, mtop10, mtop25, mtop50, mtop75,
and mtop90 of type 4 normalization provided significant
difference (p <0.05) between neoplastic and infective mass
lesions corresponding to ROI-2.

ROC Analysis

The present study shows ROC analysis of those histogram
parameters which provided significant difference in

APTyeg APTyeg_nawm

APTyo_nawm

+6% -10% +10% -6% +6% -10% +10%

Fig. 2 Rows 1-3 show MRI images of representative neoplastic mass lesion (low-grade glioma (LGG) and high-grade glioma
(HGG@)) and infective mass lesion (tubercular abscess), respectively. Columns 1-9 contain T,-weighted (w), post contrast T4-
w (PCT4-w), FLAIR, APT-w images, Bo map, APTy0, APTneg, APTro nawm, @nd APTeg nawm Maps, respectively. APTyo nawm
(type 3) and APTyeg nawm (type 4) normalizations reduce the variability between NAWM and NAGM than APTy (type 1) and
APTyeg (type 2) normalizations. Red arrows point to lesion region. NAWM normal-appearing white matter, NAGM normal-
appearing gray matter.
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Fig. 3 Box and whisker plots show quantitative comparison of neoplastic and infective mass lesions for all types of APT-
w contrast normalizations corresponding to two ROIs. ROI-1 represents entire lesion, and ROI-2 is active lesion region. Type 1,
type 2, type 3, and type 4 normalizations represent APTy0, APTneg, APTro nawm, @nd APTneg nawm CONtrast, respectively.
Different range of scale was used for different normalizations to obtain better representation and visualization of individual
plots. APT-w amide proton transfer weighted, ROI region of interest.

distinguishing neoplastic from infective mass lesions as well
as in between different group of ICMLs. Table 3 shows
ROC analysis of different histogram parameters for type 4
normalization corresponding to ROI-2 to distinguish neo-
plastic from infective mass lesions. Figure 5 demonstrates
ROC analysis of mean of type 4 (Fig. 5a) normalized APT-
w contrast considering ROI-2 to differentiate between
neoplastic and infective mass lesions. In the discrimination
between neoplastic and infective mass lesions using mean of
type 4 normalization corresponding to ROI-2, a sensitivity
and a specificity of 50 % and 80 %, respectively, were

observed with accuracy of 72 % and AUC was 65 %, when a
cutoff value of 5.3 % was applied. Figure 5b and Table 4
show ROC analysis of APTyee nawm contrast (type 4
normalization) corresponding to ROI-2 in distinguishing
LGG from infective mass lesions. ROC analysis provided a
sensitivity of 62.5 %, a specificity of 71.43 %, AUC of
73.21 %, accuracy of 68.18 %, and cutoff value 4.77 % in
distinguishing between LGG and infective mass lesions.
All the percentile parameters (pr_10, pr_25, pr_50, pr_75,
and pr 90) and mean of top percentiles (mtopl10, mtop25,
mtop50, mtop75, mtop90) provided significant difference
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Fig. 4 Box and whisker plots show quantitative comparison of different types of APT-w contrast normalizations among
different groups of ICMLs for two ROls. ROI-1 represents entire lesion, and ROI-2 is active lesion region. Type 1, type 2, type 3,
and type 4 normalizations represent APTyo, APTneg, APTa0_nawm, and APTyeg nawm CONtrast, respectively. Different range of
scale was used for different normalizations to obtain better representation and visualization of individual plots. APT-w amide
proton transfer weighted, ROI region of interest, LGG low-grade glioma, HGG high-grade glioma.

(p <0.05) simultaneously. Therefore, only mtop10, mtop25,
mtop50, mtop75, and mtop90 were mentioned in tables.
The mean of values greater than top percentiles of type 3
and type 4 normalized APT-w contrast was higher in HGG
than LGG considering ROI-1 and ROI-2. The SD of
APTpo0 nawm contrast (type 3 normalization)
corresponding to ROI-2 was 0.42 and 0.55 in LGG and
HGG, respectively, whereas SD of APTye, nawm contrast
(type 4 normalization) corresponding to ROI-2 was 0.65
and 0.81 in LGG and HGG, respectively. It showed that SD
of APT-w contrast was higher in HGG than LGG. FWHM
of APTnes nawm contrast (type 4 normalization)

corresponding to ROI-2 were 0.59 and 0.96 for LGG and
HGG, respectively. Tables 1, 2, 3, and 4 show histogram
parameters in details.

Discussion

The present study demonstrates that APT-w contrast were
significantly higher in ICMLs compared with the contralat-
eral region, NAWM, and NAGM. Similar findings were
reported in previous studies [16] on tumor tissues, which
mentioned increase in APT-w contrast in lesion regions
compared with normal tissue regions. This occurs due to
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Table 1. Histogram parameters of type 3 and type 4 normalizations, corresponding to ROI-1 and ROI-2, which provide significance difference (p <0.05),

using ¢ test, between neoplastic and infective mass lesions

ROI-1

ROI-2

Histogram parameters

p value (¢ test)

Histogram parameters p value (z test)

Skewness
sdtop50
sdtop75
Skewness
sdtop10
sdtop25
sdtop50
sdtop90

type 3 normalization

type 4 normalization

0.03
0.03
0.03
0.03
0.05
0.03
0.01
0.01

Kurtosis 0.04
Entropy 0.05
FWHM 0.03
Mean 0.05
SD 0.02
Kurtosis 0.04
mtop50 0.05
mtop75 0.04
mtop90 0.04
sdtop10 0.03
sdtop25 0.01

increased cellular protein and peptide contents in lesion
regions. The smaller inter-quartile range in the box plots of
type 3 and type 4 normalizations resulted in reducing the
inter-subject variability of APT-w contrast in both WM and
GM tissues. Results of the current study agree with those
reported by Wen et al. [11] and other studies [32],
demonstrating that the average APT-w contrast was signif-
icantly lower in the necrotic or cystic region compared with
healthy contralateral region. This can be linked with
biological characteristics of the lesion. Higher endogenous
mobile protein and peptide concentration is found in active
lesion than necrotic regions.

One of the main purposes of the current study was to
evaluate the role of different APT normalizations for
differentiating neoplastic and infective mass lesions as well
as ICMLs. In the present study, it was observed that mean
APT-w contrast, using all types of normalizations, was
higher in HGG compared with LGG, but statistical differ-
ence was non-significant (p >0.05). Our results are in line
with previous studies [15, 33] which observed a similar

trend due to higher concentration of proteins and peptides in
HGG compared with LGG. HGG has higher micro-
vasculature than LGG which reflects in higher APT-
w contrast in HGG compared with LGG. Previously
reported study [19] has also shown that there was a non-
significant difference between LGG and HGG. Recent study
by Togao et al. [15] showed that there was no strict
threshold value in grading of tumors; APT-w contrast was
around 2 in grade II, 3 in grade III, and 4 in grade IV. The
current study could not find significant difference among
ICMLs (like LGG and infection) if we consider type 1 and
type 2 normalizations, but there was significant difference
among them considering type 3 and type 4 normalizations
for the same ROI-2. This might be due to the internal
normalization, which reduces variability among different
subjects and hence improves differentiation. Type 2 normal-
ization increases the dynamic range of CEST,, contrast
compared with type 1 normalization [21]. Thus, mean APT-
w contrast is always higher in type 2 than type 1 normal-
izations. One point that is noteworthy to mention is that

Table 2. Histogram parameters of type 3 and type 4 normalizations, corresponding to ROI-1 and ROI-2, which provide significance difference (p <0.05),
using one-way ANOVA, between different groups of intracranial mass lesions

ROI-1

ROI-2

Histogram parameters

p value (ANOVA) p value (post hoc)

Histogram parameters p value (ANOVA) p value (post hoc)

type 3 normalization Skewness 0.06 0.05°
sdtop10 0.05 0.05°
sdtop50 0.05 0.04°
sdtop75 0.06 0.05°
type 4 normalization sdtop25 0.04 0.03°
sdtop50 0.02 0.01°
sdtop75 0.02 0.01°

mtop50 0.04 0.06°
mtop75 0.03 0.05°
mtop90 0.03 0.06°
Mean 0.03 0.04°
SD 0.05 0.04°
Median 0.03 0.05"
Mode 0.02 0.04°
mtop10 0.03 0.04°
mtop25 0.02 0.03°
mtop50 0.01 0.02°
mtop75 0.01 0.01°
mtop90 0.01 0.01°
sdtop25 0.03 0.03°

p <0.05 between low-grade glioma (LGG) and high-grade glioma (HGG)
®» <0.05 between low-grade glioma (LGG) and infection
°p<0.05 between high-grade glioma (HGG) and infection
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Table 3. ROC analysis of type 4 normalized APT-w contrast corresponding to ROI-2 for differentiating neoplastic from infective mass lesions

HP p value Sensitivity (%) Specificity (%) AUC (Ib, ub) (%) Cutoff (%) Accuracy (%)
Mean 0.05 50 80 65 (42, 88) 53 72

SD 0.02 62.5 58.3 67 (42, 92) 0.69 84.37
Kurtosis 0.04 25 67 27 (4, 48) 2.87 56.25
mtop50 0.05 75 58.3 68 (47, 90) 5.29 62.5
mtop75 0.04 75 62.5 70 (47, 91) 5.81 65.62
mtop90 0.04 75 58.3 68 (46, 91) 5.98 62.5
sdtop10 0.03 62.5 70.8 66 (41, 91) 0.71 68.75
sdtop25 0.01 62.5 75 68.23 (42, 95) 0.64 71.88

AUC area under curve, /b lower bound with 95 % confidence interval, ub upper bound with 95 % confidence interval, AP histogram parameter

contralateral ROIs were not used for any kind of normal-
izations used in this study because contralateral ROIs may
involve WM and GM with significantly different contrast
variability. APT-w contrast showed less variability in
NAWM; therefore, average value in this tissue was used
for normalization. Type 3 and type 4 normalizations used
NAWM reference region, which decreased variability
among subjects and hence improved the differentiation of
ICMLs [33]. APT-w contrast which were normalized with
NAWM, i.e., APT,0 nawwm contrast (type 3 normalization)
and APTye, nawm contrast (type 4 normalization), can be
used as a biomarkers for differentiation between neoplastic
and infective mass lesions [34]. In the current study, APT-
w contrast in NAWM were negative; therefore, type 3 and
type 4 normalizations resulted in an increase in values
compared with type 1 and type 2 normalizations. Different
type of normalizations provides a comprehensive view and
better degree of freedom to compute APT-w contrast, which
improves differentiation of ICMLs.

Placement of ROIs plays a crucial role in differentiating
ICMLs. Manual selection of ROIs [35, 36] is subjective and
can lead to substantial variation in measurements, hampering
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the reliability of histogram and statistical analysis. Thus, in
the current study, a semiautomatic approach was adopted for
ROI selection to reduce subjectivity or bias. The combina-
tion of seeded region growing algorithm followed by
morphological operations has been implemented in the
current study for semiautomated ROI selection process.
NAWM and NAGM masks that were generated using SPM-
12 software might be erroneous, particularly for images
having large size lesions. Thus, to obtain pure NAWM and
pure NAGM, entire lesion mask regions was subtracted from
NAWM and NAGM masks.

Histogram analysis of APT-w contrast has been used to
grade cerebral tumors [23-25]. We considered histogram
analysis of type 3 and type 4 normalized APT-w contrast
because normalizations with NAWM decrease the variabil-
ities between subjects. Histogram analysis has been carried
on both ROI-1 and ROI-2 because ROI-1 takes care of the
entire lesion (active tumor along with necrosis/cystic and
edema) whereas ROI-2 is only concerned about active tumor
region. There were six tumor patients (n=06), among the
whole patient data set used in this current study, with the
presence of necrotic region. The APT-w contrast
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Fig. 5 ROC analysis of mean APTyeg nawm-W cONtrast (type 4 normalizations) corresponding to ROI-2 for differentiation
between a neoplastic and infective mass lesion and between b low-grade glioma and infective mass lesion. AROC area under

curve for ROC plot.
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Table 4. ROC analysis of type 4 normalized APT-w contrast corresponding to ROI-2 to differentiate low-grade glioma (LGG) and infective mass lesions

HP p value (post hoc) Sensitivity (%) Specificity (%) AUC (Ib, ub) (%) Cutoff (%) Accuracy (%)
Mean 0.04 62.5 71.43 73.21 (51, 95) 4.77 68.18
SD 0.04 87.5 50 71.4 (46, 96) 0.58 81.81
Median 0.05 62.5 71.43 74.1 (53, 95) 4.68 68.18
mtopl0 0.04 62.5 71.43 73.2 (51, 95) 4.39 68.18
mtop25 0.03 87.5 57.14 75 (54, 96) 4.46 68.18
mtop50 0.02 75 71.43 76.8 (56, 97) 5.21 72.72
mtop75 0.01 75 71.43 75.9 (55, 96) 5.60 72.72
mtop90 0.01 75 71.43 75 (53, 96) 5.78 72.72
sdtop25 0.03 62.5 78.57 71.4 (45, 97) 0.64 72.72

AUC area under curve, /b lower bound with 95 % confidence interval, ub upper bound with 95 % confidence interval, P histogram parameter

corresponding to the necrotic region for all types of
normalizations was slightly lower than active tumor region.
The APTyNee nawm contrast (type 4 normalization) was 3.51
+2.1 % corresponding to the necrotic region of n=6
patients, whereas APTyeg nawwm contrast (type 4 normaliza-
tion) was 4.6+ 1.61 % in active tumor region corresponding
to those n = 6 patients. Since APT-w values in necrotic tissue
were slightly different than rest of tumor tissue and we had
only six tumor patients, we did not exclude necrotic region
from tumor during statistical analysis. In the future, for a
large number of data set having necrotic region, separate
ROI analysis can be carried out for necrotic and rest of
tumor tissue. Independent Student’s ¢ test and one-way
ANOVA results showed that a greater number of histogram
parameters of type 4 normalization can differentiate neo-
plastic from infective mass lesions as well as among
different groups of ICMLs than type 3 normalizations. This
shows that type 4 normalization is better than type 1, 2, and
3 normalizations. Moreover, more histogram parameters
corresponding to ROI-2 can differentiate neoplastic from
infective mass lesions as well as among different categories
of ICMLs than ROI-1. This shows that ROI analysis is better
in ROI-2 than ROI-1. Histogram parameters viz. standard
deviation, median, and mean of top percentiles provided
improved differentiation between neoplastic and infective
mass lesions compared with mean APT-w contrast. Histo-
gram parameters like mean, SD, median, mode, mtopl0,
mtop25, mtop50, mtop75, and mtop90 are lower in LGG
than HGG indicating higher severity in HGG. Histogram
profile for HGG patients has been shifted towards right than
histogram profile for LGG patients due to a higher mode.
The current work studies the distribution of histogram
profile of APT-w contrast, and it showed that neoplastic
mass lesion has negative skewness while infective mass
lesion has positive skewness. The sample data set for each
group of ICMLs was little skewed and kurtotic, but it
followed a normal distribution. FWHM of HGG is more
than LGG, which also indicates that APT-w contrast of
HGG is more diverged or heterogeneous. Thus, we assessed
the usefulness of different histogram parameters and normal-
izations in predicting and differentiating ICMLs.

Previous studies [7] showed that APT-w MRI provides
additional information about tumors than conventional

MRIs. The present study also reveals that there are some
key advantages of APT-w MRI over conventional MRIs.
Firstly, sometimes, PCT,-w images fail to enhance the lesion
region whereas APT map clearly shows well-defined region
of hyper-intensity (higher APT-w contrast) in the lesion
region [10]. Secondly, T,-w images can detect lesions, but
differentiation between active tumor region and necrotic or
cystic region is difficult, whereas APT-w MRI can clearly
differentiate necrotic region from active tumor region [32].

The current study uses asymmetry analysis based on
various normalization techniques for computing APT-
w contrast which has confounding effects from MT and
rNOE. Recently, alternative z-spectra fitting-based
approaches [37-39] are being developed for separating these
effects, particularly at ultra-high fields. Recently, relaxation-
compensated APT effects [40] are being analyzed to mitigate
these confounding effects. CEST and rNOE peaks are quite
broad at 3 T; therefore, further studies are required for robust
z-spectra fitting.

There exist some limitations to the current study. Firstly,
the number of patients, in each category of ICMLs, was
small. Secondly, in this study, APT-w contrast was only
corrected for By inhomogeneity. Due to time constraint at
clinical scanner, B; inhomogeneity correction was not
performed. As such, B-field inhomogeneity in brain at 3 T
are quite small (~ 10 %) and should not affect the results of
APT-w MRI substantially. Thirdly, in the current study,
APT-w MRI data of a single representative slice was used.
Three-dimensional [1] APT-w imaging might improve the
coverage of lesion, providing more information and better
signal-to-noise ratio (SNR).

Conclusion

The present study showed that APT-w contrast using type 4
normalization and appropriate histogram parameters
corresponding to ROI-2 provided better differentiation
between neoplastic and infective mass lesions as well as
among different group of ICMLs. Thus, APTyes nawMm
(type 4 normalization) and active lesion region (ROI-2)
should be used for studying APT-w MRI. APT-w MRI can
be a promising tool in clinical settings for differentiating
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infective and neoplastic mass lesions as well as ICMLs in
combination with other MRI techniques.
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