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Abstract

Background: Most brain gliomas are high-grade and likely to spread locally. Consequently, these patients commonly have a poor
prognosis. Accurate identification of the malignancy grade of brain glioma before treatment is of great clinical significance.
Objectives: This study aimed to explore the correlation of diffusion tensor imaging (DTI) parameters, fractional anisotropy (FA),
and apparent diffusion coefficient (ADC) with the pathological grade of brain glioma and expression of vascular endothelial growth
factor (VEGF) and Ki-67.
Patients and Methods: A total of 116 patients were selected for this study from January 2018 to December 2019. All the participants
underwent magnetic resonance imaging (MRI) and DTI before surgery, and the FA and ADC values were measured for the regions
of interest. Surgically resected tumor specimens were collected for immunohistochemical assay. Finally, the FA and ADC values and
positive expression rates of VEGF and Ki-67 were compared.
Results: A significantly higher FA, besides the positive expression of VEGF and Ki-67, was reported in the high-grade group, whereas
a lower ADC was found in this group compared to the low-grade group (P < 0.05). Areas of normal white matter and peritumoral
edema had higher FA values, whereas lower ADCs were measured in these areas compared to the cerebrospinal fluid (P < 0.05). The
FA of tumor parenchymal area was positively correlated with the World Health Organization (WHO) class of tumors (r = 0.588, P =
0.028), and the expression of VEGF and Ki-67 was positively correlated with the WHO grade (r = 0.843, P = 0.002 and r = 0.743, P =
0.006, respectively). The FA of tumor parenchymal area was positively correlated with the expression of VEGF and Ki-67 (r = 0.654,
P = 0.008 and r = 0.567, P = 0.012, respectively). However, the ADC of tumor parenchymal area was not significantly correlated with
the WHO grade, VEGF expression, or Ki-67 expression (r = 0.143, P = 0.156, r = 0.232, P = 0.116, and r = 0.054, P = 0.179, respectively).
Conclusion: The FA value, as a DTI parameter, is valuable for assessing the malignancy grade of tumor cells and can provide a proper
reference for formulating treatment regimens for brain gliomas.
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1. Background

Brain glioma is the most common primary cranio-
cerebral tumor, caused by the progression of cancer in
glial cells in the spinal cord. Patients mainly experience
headache, seizures, nausea, vomiting, hemidysesthesia,
and blurred vision. Besides, this type of tumor seriously af-
fects the function of local brain tissues (1, 2). Most brain
gliomas are high-grade and likely to spread locally; conse-
quently, patients commonly have a poor prognosis. Since
different grades of brain gliomas have different treatment
options, accurate identification of the malignancy grade
before treatment is of great clinical significance (3-5).

Magnetic resonance imaging (MRI) can be used to
determine the location of brain tumors, invasiveness of
tumors into the surrounding normal brain tissues, and
source and type of tumor tissue (6). However, it can-
not accurately represent the pathological grade or mi-
croscopic histological characteristics of tumors, which in
turn increases the difficulty of formulating a suitable treat-
ment regimen and directly affects the patient prognosis
(7). Therefore, it is necessary to find an approach that can
accurately reflect the pathological features of tumors.

Diffusion tensor imaging (DTI) is derived from
diffusion-weighted imaging (DWI). The DTI parame-
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ters can be used to reflect the diffusion of water molecules
in brain tissues, which is valuable for assessing the grade
of brain glioma, integrity of nerve fiber bundles, and
peritumoral edema (8). As vascular endothelial growth
factor (VEGF) can promote neovascularization, it plays a
pivotal role in the progression of multiple malignancies
(9, 10). Additionally, Ki-67 is a nuclear proliferation-related
antigen, the expression of which is closely associated with
the proliferation of tumor cells (11).

2. Objectives

This study aimed to investigate the correlation of DTI
parameters with the pathological parameters of brain
glioma and VEGF and Ki-67 expression to provide a refer-
ence for formulating early diagnosis and treatment plans
for brain glioma.

3. Patients and Methods

3.1. Baseline Clinical Data

A total of 116 patients with brain glioma, confirmed by a
pathological examination in Beijing Huairou Hospital (Bei-
jing, China) from January 2018 to December 2019, were en-
rolled in this study. The inclusion criteria were as follows:
undergoing DTI; images of ideal quality; and brain glioma
confirmed by a pathological examination. On the other
hand, patients with other craniocerebral tumors were ex-
cluded. This study was approved by the hospital ethics
committee [approval No.: Beijing (Huairou)-2019-006-01].
The ethical approval file was not available online at the
time of approval (in 2018), and it is not linked to a webpage.
Written informed consent was obtained from all the partic-
ipants in this study.

3.2. Imaging Examination

All the participants were examined using a MAGNE-
TOM Verio 3.0T MRI system (Siemens, Germany). First, con-
ventional MRI was performed, and all patients underwent
conventional plain and contrast-enhanced T1-weighted
imaging (T1WI) and T2WI scanning. The conventional MRI
scanning parameters were as follows: slice thickness, 5.0
mm; interslice gap, 1.5 mm; and matrix size, 256 × 256.
Also, the T1WI parameters were as follows: field of view
(FOV), 175 × 220 mm; repetition time/echo time (TR/TE),
225/2.5 ms; flip angle, 150°; and bandwidth, 184. Besides,
the turbo spin echo T2WI parameters were as follows: FOV,
240 × 240 mm; TR/TE, 5,000/102 ms; flap angle, 179°; and
bandwidth, 210. Whole-brain coverage was acquired with
40 slices on T1WI and with 80 slices on T2WI.

All the patients received a contrast agent injection at
0.1 mmol/kg (gadodiamide, GE Healthcare, USA) through
the anterior elbow vein and underwent FLASH contrast-
enhanced scanning with the following parameters: TR,
1,660 ms; TE, 2.95 ms; inversion time (TI), 900 ms; slice
thickness, 1 mm; and interslice gap, 0 mm. Whole-brain
coverage was acquired with 144 slices. Additionally, for DTI
scanning, echo-planar imaging (EPI) cross-sectional scan-
ning was conducted under the following parameters: TR,
7,400 ms; TE, 87 ms; slice thickness, 3 mm; interslice gap,
0 mm; FOV, 230 × 230 mm; and matrix size, 128 × 128. For
whole-brain coverage, 40 slices were used, with b values of
0 s/mm2 and 1,000 s/mm2. Besides, diffusion-sensitizing
gradients were applied in 20 directions to collect signals
four times for 332 seconds, and the results were averaged
(12, 13).

3.3. Processing of Imaging Data

The scanning data were transmitted to a workstation
(Siemens, Germany), and fractional anisotropy (FA) and
apparent diffusion coefficient (ADC) maps were automat-
ically generated through smoothing and interpolation us-
ing a supporting software package (Syngo MRB17). Ac-
cording to contrast-enhanced T2WI or T1WI findings, the
largest representative tumor slice was selected for each pa-
tient, and peritumoral edema, tumor parenchymal, cere-
brospinal fluid, and white matter areas on the opposite
side of the same anatomical site (normal brain) were con-
sidered as the regions of interest (ROIs), which were 20 -
40 pixels in size. They were measured three times based on
experience, and the average values were calculated. Finally,
the FA and ADC values of each ROI were calculated. The pro-
cedures were conducted by the same radiologist with 10
years of experience in analyzing images.

3.4. Detection of VEGF and Ki-67 Expression in Pathological Tis-
sues

Pathological tissues were surgically resected from all
the patients, routinely fixed, and embedded in paraffin.
The produced sections were deparaffinized using xylene
solution, hydrated in gradient concentrations of ethanol
solution, and added dropwise added 3% hydrogen perox-
ide to reduce the activity of endogenous peroxidase, fol-
lowed by Heat-induced using ethylenediaminetetraacetic
acid. Next, mouse anti-human VEGF antibody and Ki-
67 antibody (Beijing Zhongshan Golden Bridge Biotech-
nology Co., Ltd., China) were added dropwise and incu-
bated overnight at 4°C. After color was developed using
3,3-diaminobenzidine (DAB), the sections were counter-
stained with hematoxylin, dehydrated in gradient concen-
trations of ethanol solutions, transparentized with xylene
solution, and mounted with neutral resin.
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Five FOVs were randomly selected under a high-power
microscope (400X magnification). The brownish yellow
color in the cytoplasm and nucleus suggested VEGF- and Ki-
67-positive staining, respectively. The VEGF expression was
assessed using a semi-quantitative scoring method. First,
a score was assigned based on the percentage of positive
cells: 0, 0 - 10%; 1, 11 - 25%; 2, 26 - 50%; 3, 51 - 75%; and 4, 76 - 100%.
Next, the staining intensity was rated as follows: 0, no posi-
tive staining; 1, pale yellow staining; 2, yellow staining; and
3, brownish yellow staining. The final score was obtained
on the basis of percentage of positive cells and staining in-
tensity; final scores of ≥ 4 and < 4 were considered as posi-
tive and negative results, respectively. The positive expres-
sion of Ki-67 was directly determined by the percentage of
positive cells; the percentage of positive cells ≥ 10% indi-
cated positive expression, while < 10% suggested negative
expression.

3.5. Observation Indices

The signals in the FA and ADC maps of each ROI
were first observed for patients with different pathologi-
cal grades. Next, the FA and ADC values and the positive
expression rates of VEGF and Ki-67 in the tumor parenchy-
mal area were compared. Finally, differences in the FA and
ADC values among different ROIs in the same patient were
analyzed.

3.6. Statistical Analysis

All data were statistically analyzed in SPSS version 23.0
(released in 2015, IBM SPSS Statistics for Windows, IBM
Corp., Armonk, NY, USA). Numerical data, including the
positive expression rates of VEGF and Ki-67 and sex ratio,
were expressed as rate (%) and compared usingχ2 test. The
normal distribution of the collected data was assessed us-
ing Kolmogorov-Smirnov test, and all data were found to
be normally distributed. The ADC value, FA value, and other
quantitative data are presented as mean ± standard de-
viation (SD). Comparison of FA and ADC values between
different ROIs was performed using analysis of variance
(ANOVA), and pairwise comparisons between groups were
performed by post hoc test. Moreover, Spearman’s test was
conducted to explore the correlation between the ADC and
FA values and expression rates of VEGF and Ki-67. A P-value
less than 0.05 was considered statistically significant.

4. Results

4.1. General Clinical Data

This study was performed on 116 patients, including
62 males and 54 females, with a mean age of 42.34 ± 8.87
years (age range, 18 - 76 years). According to the 2016 World

Health Organization (WHO) Classification of Tumors of the
Central Nervous System (14), there were 10 cases of grade
1 tumor, 32 cases of grade 2 tumor, 26 cases of grade 3 tu-
mor, and 48 cases of grade 4 tumor. Grade 1 and 2 tumors
were classified into the low-grade group (n = 42), which
consisted of 24 males and 18 females, with a mean age of
42.07 ± 8.13 years (age range, 18-76 years). Grade 3 and 4
tumors were classified into the high-grade group (n = 74),
including 38 males and 36 females, with a mean age of
42.53 ± 8.98 years (age range, 18 - 76 years). The sex ratio,
age, and other general characteristics of the patients were
not significantly different between the high- and low-grade
groups (P > 0.05) (Table 1). The typical images of the pa-
tients are presented in Figure 1.

4.2. FA and ADC Map Signals

In the FA map of all patients, the tumor parenchy-
mal area, peritumoral edema area, and normal white mat-
ter area showed uneven low-intensity signal, uneven high-
intensity signal, and uniform high-intensity signal pat-
terns, respectively. In the ADC map, high-intensity sig-
nals were observed in the tumor parenchymal, peritu-
moral edema, and cerebrospinal fluid areas in the low-
grade group, whereas the high-grade group showed un-
even low-intensity signals in the tumor parenchymal area,
high-intensity signals in the peritumoral edema area and
cerebrospinal fluid area, and isointense signals in the nor-
mal white matter area.

4.3. Relationship of Pathological Grade with FA and ADC Values
of Tumor Parenchymal Area

The high-grade group showed a significantly higher FA
value and a lower ADC compared to the low-grade group (P
< 0.001) (Table 2).

4.4. Correlation of Pathological Grade with VEGF and Ki-67 Ex-
pression

The positive expression rates of VEGF and Ki-67 were
significantly higher in the high-grade group compared to
the low-grade group (P < 0.05) (Table 3).

4.5. FA and ADC Values of Different ROIs

The ADCs were significantly different between various
ROIs (P < 0.05). The normal white matter and peritumoral
edema areas showed higher FA values, but lower ADCs com-
pared to the cerebrospinal fluid area (P < 0.05). Significant
differences were found based on pairwise comparisons be-
tween the normal white matter, peritumoral edema, and
tumor parenchymal areas (P < 0.05) (Table 4).
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Table 1. General Clinical Findings of the Patients

Groups High-grade (n = 74) Low-grade (n = 42) Statistical significance level P-value

Sex χ2 = 0.361 0.548

Male 38 24

Female 36 18

Mean age (y) 42.53 ± 8.98 42.07 ± 8.13 t = 0.274 0.784

Figure 1. Images of a 40-year-old female patient with the WHO grade II left temporal lobe astrocytoma. A, T1WI tumor lesion area shows low signal intensity; B, T2WI tumor
lesion area shows high signal intensity; C, Contrast-enhanced image shows no obvious enhancement; D, In the apparent diffusion coefficient (ADC) map, both tumor parenchy-
mal area and peritumoral edema area show high signal intensities; E, In the fractional anisotropy (FA) map, the tumor parenchymal area shows an uneven low signal intensity
pattern, and the peritumoral edema area shows an uneven and slightly high signal intensity pattern (ROI 1, tumor parenchymal area; ROI 2, peritumoral edema area; ROI 3,
cerebrospinal fluid area; ROI 4, contralateral normal white matter area); F, Positive vascular endothelial growth factor (VEGF) expression; G, Positive Ki-67 expression.

Table 2. Comparison of FA and ADC Values Between High- and Low-Grade Gliomas
in the Tumor Parenchymal Area

Group FA value ADC (× 10-6 mm2 /s)

High-grade (n = 74) 0.197 ± 0.032 1014.18 ± 89.29

Low-grade (n = 42) 0.141 ± 0.028 1445.28 ± 91.27

T 9.466 24.792

P < 0.001 < 0.001

Abbreviations: ADC, apparent diffusion coefficient; FA, fractional anisotropy.

4.6. Correlations of DTI and Pathological Parameters
The FA value of the tumor parenchymal area had a sig-

nificant positive correlation with the WHO grade of tu-

mors (r = 0.588, P = 0.028). Also, the expression of VEGF
and Ki-67 had a significant positive correlation with the
WHO grade of tumors (r = 0.843, P = 0.002 and r = 0.743,
P = 0.006, respectively). Moreover, the FA value of the tu-
mor parenchymal area had a significant positive correla-
tion with the expression of both VEGF and Ki-67 (r = 0.654, P
= 0.008 and r = 0.567, P = 0.012, respectively). The ADC value
of the tumor parenchymal area was not significantly corre-
lated with the WHO grade of tumors, VEGF expression, or
Ki-67 expression (r = 0.143, P = 0.156, r = 0.232, P = 0.116, and
r = 0.054, P = 0.179, respectively) (Table 5).
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Table 3. Comparison of VEGF and Ki-67 Expression Between High- and Low-Grade Gliomas

Groups
VEGF Ki-67

Negative Positive Negative Positive

High-grade (n = 74) 5 (6.76) 69 (93.24) 24 (32.43) 50 (67.57)

Low-grade (n = 42) 25 (59.52) 17 (40.48) 26 (61.90) 16 (38.10)

χ2 38.909 9.490

P < 0.001 0.002

Abbreviation: VEGF, vascular endothelial growth factor.

Table 4. The FA and ADC Values of Different ROIs

ROI FA value ADC (× 10-6 mm2 /s)

Normal white matter 0.404 ± 0.011 a , b 655.41 ± 54.29 a , b

Peritumoral edema area 0.224 ± 0.019 a 873.23 ± 92.18 a

Tumor parenchymal area 0.129 ± 0.014 a , b 1578.42 ± 90.26 a , b

Cerebrospinal fluid area 0.116 ± 0.013 1502.91 ± 90.22

F 8.298 14.398

P < 0.001 < 0.001

Abbreviations: ADC, apparent diffusion coefficient; FA, fractional anisotropy;
ROI, region of interest.
a P < 0.05, compared to the cerebrospinal fluid area.
b P < 0.05, compared to the tumor parenchymal area.

5. Discussion

DTI is developed from DWI with directional gradi-
ent magnetic fields. The FA and ADC maps are obtained
through recombination of DWI images, indicating the dif-
fusion features (15). DTI focuses on the motion anisotropy
of water molecules, involving two independent parame-
ters, namely, ADC and FA. The former represents the diffu-
sivity of water molecules, while the latter is used to quan-
tify the anisotropy of water molecules. The FA value is af-
fected by the density of tumor cells, integrity of the white
matter fiber myelin sheath, and tumor extracellular ma-
trix (16). The malignancy grade of glioma cells is usually
rated based on nuclear atypia, mitosis, and endothelial sta-
tus (necrosis/viability). Changes in these characteristics in-
fluence the FA and ADC values. Therefore, it is highly reli-
able to determine the malignancy grade of tumor cells by
measuring the FA and ADC values (17).

In this study, the FA and ADC values varied among pa-
tients with gliomas characterized by different degrees of
malignancy, which is consistent with previous research
(18). The observed differences may be attributed to dif-
ferences in the severity of damage to the surrounding tis-
sues by tumors with various grades of malignancy, inva-
sive growth, and edema. Compared to low-grade glioma
cells, high-grade glioma cells exhibit more obvious inva-

sive growth and edema and cause more severe damage to
the surrounding tissues. Therefore, high-grade gliomas
have higher FA values and lower ADCs. These values dif-
fer among various ROIs, probably because the structures
of cells and tissues are destroyed by tumor cells (19).

VEGF directly contributes to tumor neovascularization
as the main route for tumors to receive hydrogen and nu-
trients, which is also dominant in tumor invasion and
metastasis. Consequently, the expression of VEGF is closely
associated with the progression of malignant tumors (20-
22). Generally, Ki-67 can reflect the proliferation of tumor
cells. Its expression can be detected in G1, S, G2, and M
phases, while it quickly disappears in the late M phase.
Moreover, Ki-67 has a short half-life, and cell proliferation
can be determined by measuring its expression level (23).
This study revealed that the positive expression rates of
VEGF and Ki-67 were significantly higher in the high-grade
group compared to the low-grade group (P < 0.05), mainly
because high-grade brain gliomas were more susceptible
to neovascularization, and tumor cells proliferated more
vigorously. However, the correlation between the ADC
value and Ki-67 expression remains controversial. In this
regard, Martino et al. reported that the ADC value was neg-
atively correlated with Ki-67 expression (24), whereas En-
gelhorn et al. found no obvious correlation between the
ADC and Ki-67 expression (25); the difference observed in
the ROI selection may yield different results due to the het-
erogeneity of tumors.

Based on the findings, the FA value of DTI is of great
significance for glioma diagnosis regarding the following
aspects. First, the FA value is highly reliable for the evalu-
ation of tumor cell malignancy and aids in the preopera-
tive grading of gliomas and differential diagnosis of low-
and high-grade gliomas. Second, the FA value is not only
affected by the content of extracellular water molecules,
but also related to the destruction and displacement of
white matter bundles due to tumor cell invasion. There-
fore, the FA value can reflect peritumoral edema to a cer-
tain extent and is conducive to determining tumor inva-
sion. Third, the FA value allows for a non-invasive evalu-

Iran J Radiol. 2022; 19(4):e118135. 5



Wu J et al.

Table 5. Correlation Between DTI Parameters and Pathological Parameters

WHO grade VEGF Ki-67

FA value of tumor parenchymal
area

r = 0.588, P = 0.028 r = 0.654, P = 0.008 r = 0.567, P = 0.012

VEGF r = 0.843, P = 0.002 - -

Ki-67 r = 0.743, P = 0.006 - -

ADC of tumor parenchymal area r = 0.143, P = 0.156 r = 0.232, P = 0.116 r = 0.054, P = 0.179

Abbreviations: ADC, apparent diffusion coefficient; FA, fractional anisotropy; VEGF, vascular endothelial growth factor; WHO, World Health Organization.

ation of the pathological characteristics of tumor tissues
before operation, thereby providing valuable information
for the formulation and implementation of surgical regi-
mens. Fourth, the FA value provides a basis for the selection
of target areas and reduces unnecessary damage in radio-
therapy. Fifth, DTI is sensitive to changes in the diffusion of
water molecules, which plays a crucial role in monitoring
the treatment outcomes (26, 27). Therefore, it can be used
as a sensitive index for determining recurrence and evalu-
ating prognosis.

In conclusion, the FA value as a DTI parameter is highly
valuable for assessing the malignancy grade of tumor cells
and is applicable for the clinical diagnosis and treatment
of brain glioma.
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