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Abstract. The present study aimed to explore the role of
texture analysis with apparent diffusion coefficient (ADC)
maps based on different regions of interest (ROI) in deter-
mining glioma grade. Thirty patients with glioma underwent
diffusion-weighted imaging (DWI). ADC values were deter-
mined from the following three ROISs: i) whole tumors; ii) solid
portion; and iii) peritumoral edema. Texture features were
compared between high-grade gliomas (HGGs) and low-grade
gliomas (LGGs) using the non-parametric Wilcoxon rank-sum
test or the unpaired Student's t-test. Receiver operating char-
acteristic (ROC) curves were constructed to determine the
optimum threshold for inhomogeneity values in discrimina-
tion of HGGs from LGGs. With a spearman rank correlation
model, the aforementioned ADC inhomogeneity values were
correlated with the Ki-67 labeling index. With whole tumor
ROI, inhomogeneity values proved to be significantly different
between HGGs and LGGs (P<0.001). With solid portion
ROI, inhomogeneity and median values showed significant
difference between HGGs and LGGs (P=0.001 and P=0.043,
respectively). With peritumoral edema ROI, entropy and edema
volume demonstrated positive results (P=0.016, P<0.001). The
whole tumor inhomogeneity parameter performed with better
diagnostic accuracy (P=0.048) than selecting the solid portion
ROI. The association between inhomogeneity and Ki-67
labeling index was significantly positive in whole tumor and
solid portion ROI (R=0.628, P<0.001 and R=0.470, P=0.009).
Texture analysis of DWI based on different ROI can provide
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various significant parameters to evaluate tumor heteroge-
neity, which were correlated with tumor grade. Particularly,
the inhomogeneity value derived from whole tumor ROI
provided high diagnostic value and predicting the status of
tumor proliferation.

Introduction

Gliomas are the most common type of primary brain tumor.
The World Health Organization (WHO) classifies gliomas
into grades I-IV, where I and II are low-grade gliomas
(LGGs) and IIT and IV are high-grade gliomas (HGGs) (1).
Determining the correct grade of the tumor is of great impor-
tance as it dictates the management and prognosis for the
patient (2). HGGs are managed with radical resection and with
adjuvant radiotherapy and/or chemotherapy, whereas LGGs
are very slow growing and can undergo curative resection
and have considerably better prognosis (3). The current gold
standard for grading gliomas is histopathological assessment
by stereotactic brain biopsy, which is an invasive procedure.
Particularly with gliomas, the potential to increase clinical
utility of imaging as a non-invasive technique to accurately
ascertain tumor grade is gaining a lot of attention (4).

Advanced MR imaging techniques such as diffu-
sion-weighted imaging (DWI) and its estimated apparent
diffusion coefficient (ADC) can probe the pathological
changes in glioma providing abundant important information
that is not apparent on conventional imaging (5-7). ADC, which
reflects the volume of the extracellular water compartment, is
sensitive to changes in cell density, edema, and necrosis (8-10).
Mostradiologists estimate tumor classification via simple
visual inspection of ADC, however, this inevitably has a lot
of subjective factors. The method of texture analysis that
quantifies tumor heterogeneity on routinely available images
could offer a complementary tool to existing radiological
practice in differentiating HGGs from LGGs (2).

Texture analysis is a method for quantifying the spatial
distributions of intensities in images. It has shown promise
in the field of oncology diagnosis (11,12), quantifying tumor
heterogeneity (13), separating tumor tissue from surrounding
tissue (14,15), tumor grading and classification (16-18), and
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predictions of treatment response and survival (19,20). Until
now, some reports have been published regarding tumor
heterogeneity in intracranial tumors using CT and MRI texture
analysis. However, the choice of region of interest is variable.
A study performed by Skogen et al (2) only drew the area
within the contrast enhanced tumor and excluded peritumoral
edema for CT texture analysis in quantifying tumor hetero-
geneity of gliomas and showed a correlation between tumor
heterogeneity and tumor grade. Skogen et al (21) delineated
the solid tumor for the regions of interest (ROI), and revealed
that textural features extracted on contrast-enhanced (CE)
images were highly discriminant between LGG and HGG.
Conversely, Kang er al (22) choose whole tumor for analysis,
to account for all elements of the tumor that could contribute
to group differences. It is widely known that glioma is the
most complicated tumor in the central nervous system. The
definition of ROI had a great influence on the analysis results
in each of these studies. Therefore, we divided gliomas into
three parts: i) solid portion; ii) peritumoral edema; and iii) the
others (like necrosis and hemorrhage). ADC values of solid
portion, peritumoral edema and whole tumor (which contains
all elements of the tumor) were determined.

The aim of this study was to apply texture analysis of ADC
maps in order to explore the significant parameters in different
ROI to evaluate tumor heterogeneity, which was correlated
with tumor grade and to compare the diagnostic performance
of different ROI furtherly.

Materials and methods

Patient selection. Sixty-four patients (26 women and 38 men,
mean age 47.6x15.1 years) with astrocytic tumors who had
underwent initial MR imaging at the affiliated hospital
of Xuzhou medical university between October 2010 and
January 2016 were selected from the radiology report data-
base. Inclusion criteria were as follows: i) histopathological
diagnosis of gliomas according to the WHO criteria; ii) MR
imaging performed with DWI at the standard b value prior
to surgery or chemoradiotherapy. Thirty-four patients were
excluded, due to the following reasons: i) inadequate MR
imaging quality due to substantial motion or susceptibility
artifacts (n=7); ii) MR imaging performed at 1.5 T (n=22);
iii) small size (maximum diameter<l cm) of the tumor (n=2);
and iv) absence of T1 contrast enhanced images, which
provided basis for the division of different tumor areas (n=3).
Finally, 30 patients were included in this study. A total of
12 patients exhibited LGGs (astrocytomas), 18 patients exhib-
ited HGGs (9 anaplastic astrocytomas and 9 glioblastomas)
according to the classification of WHO (Table I). The present
study was approved by the Ethical Committee of the First
Affiliated Hospital of Xuzhou Medical University, Xuzhou,
China. All patients provided written informed consent for
participation in the present study.

MR imaging. All patients were examined with the same
imaging acquisition protocol on a 3.0 T whole-body MRI
system [Signa HD; GE Healthcare (Shanghai) Co., Ltd.,
Shanghai, China]. The MRI protocol consisted of a T1 inver-
sion recovery (T1IR) sequence with the following parameters:
TR/TE/TI 2150/15/820 ms, FOV 240x240 mm, slice thickness
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6 mm, and slice gap 1.5 mm. The T2-weighted sequence was
performed with TR/TE 4,300/120 ms, FOV 240x240 mm,
slice thickness 6 mm, slice gap 1.5 mm. The fluid-attenuated
inversion-recovery (FLAIR) sequence was performed with
TR/TE/TI 9600/155/2250 ms, FOV 240x240 mm, slice thick-
ness 6 mm, slice gap 1.5 mm. DWI (b=0 and 1,000 sec/mm?;
18 sections; section thickness 6 mm; intersection gap 1.5 mm;
field of view 240x240 mm) was performed in the axial plane.
Contrast agent [Omniscan; GE Healthcare (Shanghai) Co.,
Ltd.] was administered at rate of 2 ml/sec for a T1 enhanced
sequence, with a dose of 0.2 ml/kg.

Volume acquisition. MR data were digitally transferred
from the PACS workstation to a personal computer, and
two-dimensional (2-D) ROI were drawn in each slice of
DWI using software. The data acquired from each slice
was summated to derive voxel-by-voxel ADCs for the
entire tumor, which guaranteed a set of relatively complete
three-dimensional (3-D) information of the tumor. Glioma
lesions were divided into three parts on DWI: i) Solid
portion; ii) peritumoral edema area; and iii) the others
respectively. Then the whole tumor, solid portion and peri-
tumoral edema ROIs were drawn by the same researcher
with guidance of an experienced neuroradiologist, without
knowledge of the final histological tumor diagnosis. Whole
tumor boundaries were defined with reference to the high
signal intensity areas thought to represent tumor tissue on
the T2WI by one author (a neuroradiologist with thirty years
of brain MR imaging experience) via visual inspection (23).
The solid portions were deliniated from the whole tumor
excluding peritumoral edema, definite cystic, necrotic, and
hemorrhagic areas. For visual inspection, we used strict
criteria of ‘definite’ necrosis as a nonenhanced portion
on CE Tl-weighted image and similar signal intensity to
CSF on T2-weighted and FLAIR images. We did not define
necrosis as nonenhanced portions, as is typically done,
because 14-45% of non-enhanced supratentorial gliomas
are malignant, and 25-31% of GBMs showed faint or no
detectable enhancement (24) because contrast enhancement
on conventional MRI only means the disruption of the
blood-brain barrier, not neovascularization (25) (Fig. 3).

Texture analysis. To quantify image texture features within
the ROIs, Fire voxel (https://wp.nyu.edu/firevoxel/) soft-
ware was used for quantification of heterogeneous signal.
Histogram analysis was utilized to calculate the first order
parameters. Texture analysis via Gray Level Co-occurrence
Matrices (GLCM) was implemented to extract second order
features from the images. In this study, texture analysis was
performed within 3-D ROI, and 4 parameters were used for
the quantitative analysis including entropy, skewness, kurtosis
and inhomogeneity.

Entropy=-Y.{=g' %723 p(i, /) x log(p(i,j))  (a)

Jﬁz(x,yem[a(x,y)_a]z

a

(b)

In equation (a), G is the number of gray levels used. P (i)
is the i, entry in the marginal-probability matrix obtained

Inhomogeneity=
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Table I. Characteristics of inclusion lesion.

Lesion Low grade (II) High grade (IIT and IV)
Total 12 18
Edema 7 18
Hemorrhage 0 2
Cystic change 1 10

by summing the rows of P(i,j). Higher entropy represents
increased heterogeneity. In equation (b), R is the ROI within
the image a (x,y), n is the total number of pixels in R and @ is
the mean value within R. Higher inhomogeneity means higher
average variation of entire gray levels, which also represents
increased heterogeneity.

Histopathological analysis. The tissue samples were obtained
via image-guided tissue biopsy. Immunohistochemistry was
used to measure the Ki-67 labeling index. The routinely used
formalin-fixed, paraffin-embedded tissue blocks were sectioned
into 4-mm thick slices and then used for immunohistochem-
istry. The areas with the highest cellularity on inspection were
selected, and the Ki-67 labeling index was evaluated using the
avidin-biotin complex immunohistochemical technique.

Statistical analysis. To compare kurtosis and inhomogeneity
parameters between HGGs and LGGs, non-parametric
Wilcoxon rank-sum test was applied. Statistical comparisons
of the other parameters between HGGs and LGGs were
performed with the independent sample t-test. For the param-
eters that had statistically significant differences between
HGGs and LGGs, a one-way analysis of variance with Tukey's
post hoc analysis or k-dependent samples of non-parametric
tests were performed according to the distribution of data
types to compare each grade. For some parameters that corre-
lated significantly with tumor grade, ROCs analysis was used
to characterize the diagnostic performance. The McNemar test
was then performed to compare the diagnostic accuracies of
different ROIs. With a spearman rank correlation model, the
ADC inhomogeneity values described above were correlated
with the Ki-67 labeling index. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Texture analysis based on each ROI between HGGs and
LGGs. The results of texture analysis based on whole tumor
and solid portion ROI revealed that the inhomogenity
value were significantly different between HGGs and
LGGs (P<0.001, P=0.001; Tables II and III). Additionally,
lower ADC median was observed in high grade gliomas
compared to low grade tumors (P=0.043) in solid portion ROI.

With reference to peritumoral edema, the entropy value
and edema volume were observed to be significantly higher in
HGGs than LGGs (P=0.016, P<0.001, Table IV, respectively).

Texture analysis based on whole tumor and solid portion
ROI among each grade glioma. For whole tumor ROI, the
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Table II. The whole tumor ADC histogram parameters of low
and high grade gliomas.

Low grade  High grade
Parameter (n=12) (n=18) P-value
Texture parameter
Entropy 5.84+0.24  5.70+0.34 0.218
Skewness 0.76+0.30 0.66+£0.41 0477
Kurtosis 1.53+1.93 1.72+1.28 0.189
Inhomogeneity 0.18+0.04  0.32+0.09  <0.001
ADC (x10° mm?/sec)
Median 1.38+0.24 1.44+0.51 0.751
Mean 1.38+0.21 1.25+0.38 0.529

ADC, apparent diffusion coefficient.

Table III. The solid portion ADC histogram parameters of low
and high grade gliomas.

Low grade  High grade
Parameter (n=12) (n=18) P-value
Texture parameter
Entropy 5.86+0.21 5.68+0.30 0.077
Skewness 0.73+040  0.85+0.56 0.527
Kurtosis 1.20+1.52  2.52+2.39 0.352
Inhomogeneity 0.19+0.05 0.29+0.09 0.001
ADC (x10° mm?/sec)
Median 1.37+0.25 1.19+0.21 0.043
Mean 1.37+0.22 1.25+0.23 0.179

ADC, apparent diffusion coefficient.

Table IV. The peritumoral edema ADC histogram parameters
of low and high grade gliomas.

Low grade  High grade

Parameter (n=7) (n=18) P-value
Texture parameter

Entropy 5.87£0.22 6.08+0.10 0.016

Skewness 0.38+0.26 0.41+£0.30 0.800

Kurtosis 0.49+0.22 0.61+£0.35 0.392

Inhomogeneity 0.19+0.04 0.22+0.04 0.132
ADC (x10”° mm?/sec)

Median 1.37+0.14 1.40+0.25 0.865

Mean 1.37+0.12 1.39+0.22 0.952

Edema volume (cm®) 6.36+3.19 28.74+21.20 <0.001

ADC, apparent diffusion coefficient.

inhomogeneity value differed significantly between grades 11
and I'V (P=0.01) and between grades II and III (P=0.005), but
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Table V. Histogram parameters of different ROIs among the grade II, III and I'V gliomas.

P-value
Parameter Grade IT (n=11) Grade IIT (n=9) Grade IV (n=9) Il vs. 11 IIvs. IV I vs. IV
ROI's inhomogeneity
Whole tumor 0.184+0.036 0.337+0.102 0.294+0.083 0.005 0.010 0.597
Solid portion 0.185+0.051 0.288+0.076 0.288+0.107 0.010 0.056 0.987
ROI's median
Whole tumor 1.380+0.238 1.271+0.266 1.600+0.644 0.236
Solid tumor 1.368+0.252 1.172+0.245 1.200+0.191 0.129
ROI, regions of interest.
Table VI. Different ROI's ROC results for inhomogeneity of 1 I
ADC for glioma grading (high vs. low). B i romniansd
— Reference line
ROTI's inhomogeneity *]
Characteristic Whole tumor Solid portion ool —
AUC 0.968 (0.901,0.998) 0.852(0.809,0.895) %
Sensitivity (%) 0.944 (17/18) 0.833 (15/18) é 04
Specificity (%) 0916 (11/12) 0.833 (10/12) —
Accuracy (%) 0.933 (28/30) 0.833 (25/30) ool
Cut off value >0.216 >0.202
P-value for <0.001 0.001
ROC curve "% 02 04 06 08 10

ROI, regions of interest; ADC, apparent diffusion coefficient; ROC,
receiver operating characteristic.

not between grades III and I'V (Table V). Conversely, for solid
portion ROI, a significant difference was found only between
grades II and IIT (P=0.01). However, no significant difference
was found in the ADC median both in whole tumor ROI and
solid-portion ROI among the three grades. (P=0.236 and
P=0.129 respectively).

Diagnostic efficiency of inhomogeneity value based on whole
tumor and solid portion ROI. Table VI summarized the receiver
operating characteristic (ROC) results of different ROI inhomo-
geneity values used to distinguish HGGs from LGGs. In terms
of whole tumor ROI, the inhomogeneity cutoff value of 0.2162
exhibited a sensitivity, specificity and accuracy of 94.4, 91.6
and 93.3%, respectively. For solid portion ROI, the inhomoge-
neity cutoff value of 0.2015 exhibited a sensitivity, specificity
and accuracy of 83.3, 83.3 and 83.3%, respectively (Table VI,
Fig. 1). There was significant difference between the diagnostic
accuracy of different ROI inhomogeneity in discrimination of
HGGs from LGGs (P=0.048). For differentiating HGGs from
LGGs, the greatest area under the curve (AUC) was observed
in whole tumor ROI texture analysis (0.968, P<0.001).

The correlation study of inhomogeneity value and Ki-67
labeling index. There was a significantly positive relationship

1-Specificity

Figure 1. ROC curves for inhomogeneity of glioma grading (high vs. low).
ROC, receiver operating characteristic.

between inhomogeneity values and Ki-67 labeling index both
in whole tumor and solid portion ROI (R=0.628, P<0.001;
R=0.470, P=0.009) (Fig. 2).

Images with each ROI delineation. Fig. 3 shows one slice
of representative T2-weighted images and DWIs with whole
tumor, solid portion, and peritumoral edema ROI delineation
for each grade of glioma. The three rows from top to bottom
correspond to grade IV, III and II gliomas, respectively. The
first line shows T2-weighted images of each grade glioma, The
second line shows whole tumor ROIs delineation on DWI for
each grade glioma. The third line shows solid portion ROIs
delineation on DWI for each grade glioma. The last line shows
peritumoral edema ROIs delineation on DWI for each grade
glioma.

Histograms and cumulative histograms of each grade
glioma based on each ROI. Fig. 4 show histograms and the
corresponding cumulative histograms of each grade gliomas
in whole-tumor, solid-portion and peritumoral edema ROI.
Grade IV glioma showed a wider spectrum of the ADC signal
intensity, exhibited a distinctly asymmetric distribution and
had a high ADC inhomogeneity value (0.44, 0.42) in whole
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Figure 2. The relationship between inhomogeneity value and Ki-67 labeling index labeling in (A) whole tumor and (B) solid portion ROI. ROI, regions of

interest.

Figure 3. Rows from top to bottom are images of grade IV, III and II glioma.
Line 1: T2-weighted images for (A) grade IV, (B) grade III and (C) grade II.
Line 2: DWI with whole tumor ROI placement for (A,) grade IV, (B,) grade I11
and (C,) grade II. Line 3: DWI with solid portion ROI placement for
(A,) grade 1V, (B,) grade III and (C,) grade II. Line 4: DWI with peritumoral
edema ROI placement for (A;) grade IV, (B;) grade I1I and (C;) grade II.

tumor ROI and solid portion ROI (Fig. 4A and C). In contrast,
grade II glioma displayed a narrower spectrum of the ADC
signal intensity, exhibited a relatively symmetric distribu-
tion and had a low ADC inhomogeneity value (0.21, 0.22) in
whole tumor ROI and solid portion ROI (Fig. 4A and C). ADC
histograms of high grade glioma (Fig. 4A and C) showed a
higher relative frequency at the low ADCs compared with
grade II glioma, resulting in substantial divergence between
low and high grade glioma at the low end of the cumula-
tive histograms (Fig. 4B and D). This suggests that the high
grade glioma contained more pixels with low ADCs, which
indicates high cellularity. In terms of peritumoral edema
ROI, Grade IV glioma also exhibited more asymmet-
rical distribution than low grade glioma and had a higher ADC
entropy value (6.079 vs. 5.64) than low grade glioma (Fig. 4E).

Discussion

The results of our study suggest that texture analysis param-
eters for inhomogeneity or entropy based on the three ROIs
could be used to differentiate HGGs from LGGs, as higher
inhomogeneity or entropy was demonstrated in higher
grades. However, the traditional statistics (mean and median
ADC) appeared to have limited value in distinguishing
tumor grade. Whole tumor inhomogeneity value may be
useful in discriminating between grades II and IV and
between grades IT and III. Solid portion inhomogeneity value
was better for discriminating between grades II and III.
Inhomogeneity value seemed to be the overall best param-
eter in differentiating each grade. And furthermore in terms
of inhomogeneity parameter, whole tumor ROI presented
a better diagnostic performance than solid portion ROI in
distinguishing HGGs from LGGs.

Texture analysis parameters are statistically better than
traditional methods of tumor grading. In previous studies,
the traditional statistics such as mean median or minimum
of ADC was used to distinguish HGGs and LGGs (22,26).
However, these feature values reflect only a small portion
of the tumor. Instead, texture analysis parameters, such as
inhomogeneity and entropy, represent characteristics of the
entire tumor and have the advantage of noninvasively quan-
tifying tumor heterogeneity. Tumors are heterogeneous both
genetically and histopathologically, with intratumoral spatial
variation in the cellularity, angiogenesis, extravascular extra-
cellular matrix, and areas of necrosis (27). Thus, we postulated
that the heterogeneity of ADC values within gliomas can be
useful for distinguishing each grade. The inhomogeneity
value determined by texture analysis, represents the width of
the histogram or degree of average variation from the mean
pixel value. Skogen et al (21) has proposed that histogram
statistical parameter standard deviation (SD) can provide
useful information quantifying glioma heterogeneity on CE
images. Inhomogeneity in our study was similar to SD, but
more objective, because it includes an average ADC values in
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Figure 4. (A) ADC histograms and (B) its corresponding cumulative histograms of each grade glioma obtained from whole tumor ROI. (C) ADC histograms
and (D) its corresponding cumulative histograms for each grade glioma obtained from solid portion ROI. (E) ADC histograms and (F) its corresponding
cumulative histograms for each grade glioma obtained from peritumoral edema ROI. ROI, regions of interest; ADC, apparent diffusion coefficient.

the calculation which excluded the average level of different
objects. Inhomogeneity parameters emphasize the different
heterogeneous appearances of LGGs and HGGs as well as
between glioma subgroups on DWI images. In this study
conventional statistic median implied positive predicion only
in solid portion as a lower median in HGGs. but the median
data appeared to have no value in distinguishing each grade.
Higher ADC values in intracranial tumors are attributed to

low tumor cellularity, necrosis, or cysts, and lower values
are attributed to high tumor cellularity (28). To exclude the
necrosis or cysts, we analyzed the solid portions of gliomas
and concluded the median ADC values were lower in higher
grades probably resulting from higher cellularity compared to
low grades.

In order to determine the optimal ROI for detecting
tumor heterogeneity, we compared the diagnostic efficiency
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of the same parameters for different ROI. The inhomogeneity
value derived from whole tumor showed better diagnostic
performance than that from solid portions. For the whole
tumor ROI, the sensitivity of inhomogeneity in glioma grading
(HGGs vs. LGGs) was 94.4%, indicating a high positive
correlation. Hence, if the inhomogeneity is above 0.2162,
there is a high probability that the tumor will be a high grade.
For solid portion ROI, the sensitivity of inhomogeneity in
glioma grading (HGGs vs. LGGs) was 83.3%, indicating a
moderate positive correlation. The results of this study suggest
that selecting the whole tumor as the ROI results in a better
performance in evaluation of tumor heterogeneity. Because
the whole tumor ROI contained all elements of tumor compo-
nents, it provided the most accurate representation of glioma
heterogeneity. Kang er al (22) demonstrated a sensitivity of
50% and a specificity of 100% in the differentiation of low
and high grade gliomas with whole tumor volume analysis.
Raja et al selected six consecutive slices from the centre of the
tumour volume as ROI, and demonstrated the significance of
DTI and DKI parameters in grading of glioma (29).

There are very few studies that have evaluated the peritumoral
edema area, which theoretically correlates with the aggressive-
ness of the tumor. Guzman et al (30) reported that HGGs have
higher ADC values in the peritumoral edema than LGGs. In our
study, the mean and median ADC values for peritumoral edema
did not differ significantly among patients with HGGs and
LGGs in agreement with the other two authors (31,32) Texture
parameters such as entropy and the common value of edema
volume, however, appeared to be helpful in distinguishing
HGGs from LGGs. High grade gliomas tend to have a greater
volume of edema and the extracellular water diffusion move-
ment seemed to be more complex and disordered.

Ki-67, a nuclear antigen specific for proliferating cells (33),
is used for the evaluation of tumor proliferation. The level
of Ki-67 correlates with higher cell density and tumor grade
for astrocytic gliomas (34). In previous studies DWI imaging
and its estimate of ADC has been widely investigated, as it
reflects tumor cellularity and proliferation (35). Some studies
showed that the minimum or fifth percentile values of ADC
correlated well with the Ki-67 labeling index. Our results
demonstrated that the inhomogeneity value of ADC had
a positive correlation with the Ki-67 labeling index both in
whole tumor and solid portion ROIs. The elevated Ki-67
labeling index correlated with tumor aggressiveness, and inho-
mogeneity reflected spatial irregularity and variability, these
could be used to explain the positive relationship between
inhomogeneity and the Ki-67 labeling index.

Apart from the intrinsic limits of any retrospective study, our
study had several limitations. First, the number of cases analyzed
was relatively small (n=30) and thus larger studies are still neces-
sary for further exploration. Second, we faced another challenge in
determining the margin between the tumor and the edema, which
can be indistinct, especially in low grade gliomas. Additionally,
the differentiations between edema and tumor infiltration and
between the nonenhancing solid portion of the tumor and micro-
cystic necrosis are impossible via visual inspection because
microcystic necrosis and nonenhancing solid portions showed
intermediate signal intensity on T2WI and hypointensity on CE
T1WI (36). Third, the measurements of tumor heterogeneity in
our study were performed by a single blinded operator which
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potentially could introduce bias. Further studies should evaluate
the inter-operator and intra-operator variability, which is a limi-
tation in this study. Fourth, we used the manual segmentation
method to define tumor boundaries, which lacks reproducibility.
Thus we can use multi-sequence fused imaging to draw the
outline of tumor boundaries.

In conclusion, our results suggested that texture analysis
of DWI based on different ROI can provide various signifi-
cant parameters to evaluate tumor heterogeneity, which was
correlated with tumor grade. Particularly, the inhomogeneity
value obtained from whole tumor ROI provided high diag-
nostic value in differentiating HGGs from LGGs. Moreover,
texture analysis of DWI will be helpful to get the expression
status of some biomarkers such as Ki-67 labeling index via the
non-invasive and objective methods.
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