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Abstract

Background: Diffusion-weighted imaging (DWI) is a form of magnetic resonance imaging (MRI) based on measuring the random
Brownian motion of water molecules within the biological tissues and is particularly useful in tumor characterization.
Objectives: The purpose of this study was to evaluate the diagnostic value of DW MRI and the apparent diffusion coefficient (ADC)
for preoperative grading of astrocytic supratentorial brain tumors.

Patients and Methods: Twenty-three patients (14 females, 9 males, mean age 43 years) with astrocytic supratentorial brain tumors
underwent preoperative conventional MR imaging and DW MRI. The minimum, maximum and mean ADC values and the minimum,
maximum and mean DWI signal intensities of each tumor were taken by placing several regions of interest in the tumor on DWI
images and ADC maps. To assess the relationship between these values and the tumor grade, we used the Mann-Whitney U test and
the Spearman correlation. Receiver operating characteristic (ROC) analysis was used to determine the cutoff value of the minimum,
maximum and mean ADC values and the minimum, maximum and mean DWI signal intensities that had the best composition of
sensitivity and specificity for differentiating low-grade and high-grade astrocytic brain tumors.

Results: According to the pathology reports, 10 patients had low-grade astrocytomas (grades I, I) and 13 patients had high-grade
astrocytomas (grades III, IV). The minimum ADC value showed a significantly inverse correlation with astrocytic tumor grade (P =
0.006). The correlation between the maximum ADC value and the maximum DWI signal intensity with tumor grade was direct (P =
0.013,P=0.035). According to the ROC analysis, the cutoffvalues of 0.843 x 10® mm?®/s, 2.117 X 10° mm’[s and 165.2 for the minimum
ADC, maximum ADC and maximum DWIrespectively, obtained the best combination of sensitivity and specificity for distinguishing
low-grade and high-grade astrocytomas.

Conclusion: Measuring minimum ADC, maximum ADC and maximum DWI signal intensity can provide valuable information for
grading of astrocytic supratentorial brain tumors before surgery.

Keywords: Diffusion Magnetic Resonance Imaging, Diffusion Weighted MRI, Cerebral Astrocytoma, Neoplasm Grading, Tumor
Grading

1. Background divided into four grades. Astrocytomas grade I and II are
called “low-grade astrocytomas,” and astrocytomas grade
[IIand IV are called “high-grade astrocytomas.” They can oc-
cur at any age. The low-grade astrocytomas are more com-
mon in children, while the high-grade astrocytomas are
more common in adults. Despite advanced treatments, the
diagnosis and prognosis of brain tumors, especially astro-
cytic brain tumors is still poor. For this reason, even today,
brain tumors are a common cause of morbidity and mor-
tality. Hence, early diagnosis and awareness of preopera-
tive tumor grade is important in choosing the appropriate
treatment strategy and in increasing the patient’s survival

Astrocytic brain tumors are derived from a particu-
lar type of glial cells, which are star-shaped brain cells in
the central nervous system, called astrocytes. Astrocytoma
does not usually spread outside the brain and this type of
tumor may occur in most parts of the brain. Astrocytomas
are the most common primary brain tumors and account-
ing for approximately 50% of all brain tumors and also ac-
counting for more than 70% of glial brain tumors. Accord-
ing to the WHO (world health organization) classification,
based on the degree of malignancy, astrocytomas can be
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(1-5).

X-ray computed tomography (CT) and magnetic res-
onance imaging (MRI) are used for imaging of astro-
cytic brain tumors. Of these two methods, MRI has re-
placed CT as the modality of choice for evaluating these
tumors. Nevertheless, only conventional magnetic res-
onance imaging techniques are not enough for aware-
ness of the histopathologic grade of astrocytomas, because
sometimes high-grade and low-grade astrocytic brain tu-
mors have common features in conventional MR imaging
(6). Recently, several techniques, in addition to conven-
tional MR imaging, were examined for preoperative grad-
ing of brain tumors, such as diffusion-weighted magnetic
resonance imaging (DWI) and apparent diffusion coeffi-
cient maps (7, 8). DWIis an MRI technique used to show the
random Brownian motion of water molecules at the mi-
croscopic level within the biological tissues and the appar-
ent diffusion coefficient (ADC) is a parameter that is calcu-
lated from the diffusion-weighted MR images (9-14). Also,
recently, an inverse relationship was observed between the
histopathologic grade of glial tumors and the minimum
apparent diffusion coefficient (ADCmin) (3, 15).

2. Objectives

The purpose of this study was to obtain preoperative
information about the grade of astrocytic supratentorial
brain tumors with DWI and ADC maps with more detail
and more accuracy than previous studies by measuring the
minimum, maximum and mean ADC values and the mini-
mum, maximum and mean DWI signal intensities.

3. Patients and Methods

3.1. Patients

Our prospective study included 23 patients (14 female,
9 male; mean age 43 years) with symptoms of brain tu-
mors and in whom astrocytic supratentorial brain tumors
were diagnosed after MR imaging and review by a neuro-
surgeon. All patients underwent conventional MR imag-
ing techniques and diffusion-weighted MR imaging before
treatment or surgery. In addition, all histopathologic di-
agnosis of tumor grade were determined on the basis of
the WHO criteria. So that, among 23 patients, 10 patients
had low-grade astrocytomas (I, II) and 13 patients had high-
grade astrocytomas (III, IV). It should be noted that in-
formed consent was obtained from all patients and all eth-
ical considerations were considered in this study.

3.2. MR Imaging and Image Processing

All MR examinations were performed with a 1.5 T MR
imaging system (Siemens medical systems, Avanto, Ger-
many) with a standard eight-channel head coil. First, for
determining the exact location of the lesion, conventional
MR imaging protocols included fluid attenuated inver-
sion recovery (FLAIR), T1 weighted spin-echo (T,W SE), T2
weighted fast spin-echo (T,W FSE) and post-contrast T;w
SE images were taken. Then, the DWI protocol was per-
formed by using a spin-echo echo-planar sequence with 0
and 1000 b-values and by applying the diffusion gradients
encoding in three orthogonal directions (TR = 3700 ms|TE
=114 ms/number of signals acquired = 1/slice thickness =5
mm/interslice gap = 0/matrix =192 X 192/[FOV =240 X 240
mm). ADC maps were calculated as well. Next, the mini-
mum, maximum and mean ADC values and the minimum,
maximum and mean DWI signal intensities of each tumor
were taken by placing several ROIs (Regions of Interest) in
the tumor on DWIimages and ADC maps (Figure 1). All con-
tinuous slices of ADC maps and DWI images that included
astrocytic tumors were checked. The number of ROISs, ac-
cording to the tumor size, was selected and their numbers
were selected for covering the entire geographical area of
tumor. In all patients, the area of each ROI was 33 mm? and
contained 21 pixels. On ADC maps and DWI images, among
all regions of interest, ROIs with the lowest and highest val-
ues as the minimum and maximum amount of ADC values
and the minimum and maximum amount of DWI signal
intensities were chosen. Then, for obtaining the mean ADC
values and the mean DWI signal intensities between the
maximum and minimum values were averaged.

3.3. Statistical Analysis

To analyze the minimum, maximum and mean ADC
values and the minimum, maximum and mean DWI sig-
nal intensities of various astrocytic brain tumors, we sub-
divided these tumors into two groups: low-grade astrocy-
tomas (I, IT) as group one and high-grade astrocytomas (III,
IV) as group two.

To assess the relationship between these values and tu-
mor grade, and also the relationship between the age of
the patient and tumor grade, we used the Mann-Whitney
U test and spearman correlation coefficient. ROC (receiver
operating characteristic) analysis was used to define the
cutoff value of the minimum, maximum and mean ADC
values and the minimum, maximum and mean DWI signal
intensities that had the best combination of sensitivity and
specificity for distinguishing low-grade and high-grade as-
trocytic brain tumors.
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Figure 1. A 43-year-old woman with glioblastoma multiforme; A, ADC map; B, DWI image. ROIs drawn on the tumor, as well as, ADC values and DWI signal intensities obtained

from each ROI can be seen in the image.

4. Results

Among 23 patients who had histologically confirmed
their astrocytomas, there were three patients with astrocy-
toma grade I, seven patients with astrocytoma grade I, five
patients with astrocytoma grade Illand eight patients with
astrocytoma grade IV (Table 1).

The relationship between the minimum ADC values
and tumors grade were significantly reversed (P=0.006)
and the correlation coefficient value between ADCmin and
tumor grade was "-0.582" (Figure 2, Table 2). The maximum
ADC values and maximum DWI signal intensities also were
significantly direct correlation with grade of tumors (P =
0.013 and P = 0.035, respectively), and the correlation co-
efficient value between ADCmax and the tumor grade was
0.529. In addition, the correlation coefficient value be-
tween DWImax and the tumor grade was 0.450 (Figure 3,
Table 2).

According to the ROC analysis, the cutoff value of 0.843
x 102 mm?[s for ADCmin with 80% sensitivity and 84.6%
specificity (area under the curve [AUC] = 0.838, positive pre-
dictive value [PPV] = 84.6%, negative predictive value [NPV]
= 80%), the cutoff value of 2117 x 10® mm?[s for ADCmax
with 76.9% sensitivity and 90% specificity (AUC=0.808, PPV
=90%, NPV =75%) and the cutoff value of 165.2 for DWImax
with 84.6% sensitivityand 70% specificity (AUC=0.762, PPV
= 78.5%, NPV = 77.7%) were chosen for differentiating the
low-grade and high-grade astrocytomas (Figure 4). Also, no
statistically significant correlation between tumor grade
with ADCmean, DWImin, DWImean and age of patient was
observed (P=0.137,P=0.193,P=0.094 and P=0.062, respec-
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Figure 2. The correlation between ADCmin and grade of astrocytomas; minimum
ADC values of high-grade astrocytomas are lower than ADC values of low-grade as-
trocytomas, however, some overlap is noticed between the two groups.

tively).

5. Discussion

As stated, using only conventional MRI may not always
be reliable for predicting the histopathologic grading of
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Figure 3. The correlation between ADCmax and DWImax with the grade of astrocytomas; maximum ADC values and maximum DWI signal intensities of high-grade astrocy-
tomas are higher than those of low-grade astrocytomas, however, some overlap is noticed between the two groups.

the astrocytic supratentorial brain tumors, because the dif-
ferent grades of these tumors can have common features
in conventional MRI. In recent years, many researchers
have studied the diagnostic value of DWI and the ADC for
the diagnosis of brain lesions, and they have declared that
the capability of MRI to measure and imaging of molecular
diffusion, can produce more accurate information about
the brain lesions than conventional MR imaging (16, 17).
Knowing the grade of brain tumors is very important for
choosing the appropriate treatment strategy. DWI over
conventional MRI allows the evaluation of brain tumors by
providing information about tumor cellularity, which can
improve the prediction of tumor grade (13, 18). Some stud-
ies have reported a correlation between tumor cellularity
and ADC values, so that lower ADC values show higher-
tumor grades. These studies have stated that ADC can be
useful in determining the grade of gliomas, because high-
grade gliomas have high cellularity and lower ADC values
compared to the low-grade gliomas. For example, in 2001,
Kono et al. evaluated the role of DWI in patients with brain
tumors. They examined 56 patients with histologically ver-
ified or clinically diagnosed brain tumors. Then, they mea-
sured ADC values and signal intensities on DWIs and eval-
uated the correlation between ADC values and tumor cel-
lularity in gliomas. They found that ADC values of low-
grade astrocytomas are significantly higher than those of
other tumors and among astrocytic brain tumors; ADCs
are higher in grade I astrocytomas than in gliobastomas.

In addition, the ADC values correlated with tumor cellular-
ity for astrocytic tumors. In their research, they concluded
that ADC may predict the degree of malignancy of astro-
cytic tumors (19).

Also, in 2005 Yamasaki et al. performed a study to de-
termine the role of ADC in differentiating brain tumors by
MRI. In their retrospective study, 275 patients with brain
tumors were examined after providing DWI images and
calculating the mean ADC values and analyzing these val-
ues. They concluded that an inverse relationship existed
between the mean ADC values and the grade of astrocytic
brain tumors (grade II to IV) (13, 20). In 2006, Fan et al.
conducted a study in order to evaluate the usefulness of
diffusion and perfusion MR imaging in patients with non-
enhancing supratentorial brain gliomas. They examined
22 patients; 14 had low-grade gliomas and 8 had anaplastic
gliomas. They obtained the ADC values and relative cere-
bral blood volume (rCBV) ratios on the solid portion of the
tumor, on the peritumoral area, as well as on the contralat-
eral normal white matter. After data analysis, they declared
that DWI should be used in the diagnostic workup of non-
enhancing gliomas to predict grading (21). However, some
older studies are inconsistent, for example, in 1999, Suga-
hara et al. performed a study to evaluate the utility of DWI
with the echo-planar imaging (EPI) technique in depicting
tumor cellularity and grading of gliomas. They examined
20 patients with histologically proven gliomas. They also
measured the cellularity of tumors and the minimum ADC
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Figure 4. A, ROC curve of the ADCmin values; B, ROC curve of the ADCmax values; and C, ROC curve of the DWImax values.

values. Their results showed a relationship between the tu-
mor cellularity and the minimum ADC value of gliomas,
so that the minimum ADC value of the high-grade gliomas
was higher than that of the low-grade gliomas. Finally, they
reported that diffusion-weighted MRI with EPI is a useful
technique for assessing the tumor cellularity and grading
of gliomas (22).

However, there are some studies that have not con-
firmed this and have stated that no significant relation-
ship exists between the ADC values and the grade of the
gliomas (18). For example, in 2001 Lam et al. evaluated

Iran ] Radiol. 2016;13(3):e30426.

the role of DWI for grading gliomas in 17 patients. After
providing the DWI images and ADC maps, as well as mea-
suring the ADC values, they concluded that there is no sig-
nificant difference between the ADC values of high-grade
gliomas and low-grade gliomas (23). Also in 2006, Rollin
et al. studied the role of diffusion MR imaging for evalu-
ation of grade and type of intra-axial brain tumors. They
measured the ADC values in 28 patients and after analyz-
ing these values they concluded that differentiating be-
tween low-grade and high-grade gliomas only by DWI im-
ages and ADC values is not possible (24). In other stud-
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Table 1. Gender, Age and Tumor Grade of Patients

Patient Gender Age,y Grade

1 M 8 Gradel

2 B 1 Gradel

3 F 9 Gradel

4 M 49 Grade Il
5 F 45 Grade Il
6 M 48 Grade Il
7 F 33 Grade Il
8 M 52 Grade Il
9 F 29 Grade Il
10 F 58 Grade Il
1 M 51 Grade Il
12 F 72 Grade III
13 F 20 Grade III
14 M 39 Grade I
15 F 39 Grade Il
16 F 52 Grade IV
17 F 43 Grade IV
18 M 32 Grade IV
19 M 71 Grade [V
20 F 52 Grade IV
21 M 65 Grade IV
22 F 63 Grade IV
23 F 51 Grade IV

Abbreviations: F, female; M, male.

ies only minimum ADC values have been evaluated, which
were obtained from tumors. For example, in 2005 Higano
et al. evaluated the ADC for prediction of malignancy and
prognosis of malignant astrocytic brain tumors. They ex-
amined 37 patients with malignant astrocytomas that in-
cluded 22 glioblastomas and 15 anaplastic astrocytomas.
Then, they calculated ADC maps and measured the mini-
mum ADC values of each tumor, preferably with the avoid-
ance of cystic or necrotic parts. Eventually, theyannounced
that minimum ADC values, which were obtained from ma-
lignant astrocytomas, can provide valuable information
about their malignancy (15). Also, in 2006 Murakami et al.
examined the diagnostic value of pretreatment diffusion-
weighted MR imaging in patients with malignant supra-
tentorial astrocytic brain tumors. They evaluated the min-
imum ADC values as a factor analysis of survival in 79 pa-
tients. Of their patients, 29 had anaplastic astrocytoma
and 50 had glioblastoma multiforme. After statistical anal-

ysis, they found that the minimum ADC values were sig-
nificantly lower in patients with glioblastoma multiforme
than in those with anaplastic astrocytoma. Therefore, they
concluded that MR imaging is a useful prognostic factor
for survival in patients with malignant supratentorial as-
trocytomas. Our study confirms this (25).

Also, in 2008 Lee et al. assessed the diagnostic value
of minimum ADC value for preoperative grading of supra-
tentorial astrocytomas. In that study, they evaluated 16 pa-
tients with astrocytoma and calculated the minimum ADC
value of each tumor from several regions of interest in the
tumor on ADC maps. After data analysis, they reported that
measuring the ADCmin can provide valuable information
for preoperative grading of low-grade supratentorial astro-
cytomas, which is compatible with our results (1).

In the current study, we examined only astrocytic
supratentorial brain tumors among all brain tumors, and
in addition to minimum ADC values we measured the max-
imum and mean ADC values and the minimum, maximum
and mean DWI signal intensities. After statistical analysis
we concluded that the minimum ADC values had an in-
verse correlation with the tumor grade, and that the corre-
lation between the maximum ADC values and maximum
DWI signal intensities with tumor grade was direct, how-
ever, there is a slight overlap between the values of the two
groups. The cutoff values of 0.843 X 10® mm?/s, 2.117 x 107
mm?[sand165.2 were selected, in order to achieve ADCmin,
ADCmax and DWImax with the best combination of sen-
sitivity and specificity for differentiating high-grade and
low-grade astrocytomas. The results showed that our study
was much more accurate than previous studies.

There were two limitations in our study. First, was the
small sample size and the other was that the assessment of
reliability was not performed.

In conclusion, conventional MRI findings of astrocytic
brain tumors is not always reliable for grading tumors. In
this study, we showed that an inverse correlation exists
between the minimum ADC values and histopathologic
grade of the astrocytic supratentorial brain tumors. In ad-
dition, we showed a direct correlation between the maxi-
mum ADC values and also the maximum DWI signal inten-
sities with the grade of these tumors. Finally, we believe
that measuring these values can provide valuable informa-
tion for surgeons about the preoperative grading of astro-
cytic supratentorial brain tumors.
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Table 2. Mean of ADC and DWI Values in Low and High-Grade Tumors and Their Correlation Coefficient with Tumor Grade

Variables Low-Grade® High-Grade® P Value® Correlation Coefficient
ADCmin 960.5 (63.88) 672.5 (54.12) 0.006 -0.582
ADCmax 1731.9 (122.18) 2390.1(180) 0.013 0.529
DWImax 209.65 (54.61) 237.84(28.75) 0.035 0.450

Abbreviations: ADC, apparent diffusion coefficient; min, minimum; max, maximum; DWI, diffusion weighted imaging; SD, standard deviation.

#Values are expressed as mean (SD).
®pValue for comparing mean values in low and high-grade tumors.
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