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Aims
The objective of the study was to investigate the characteristics of diffusion-weighted images (DWI) and 

pathomorphological features of brain tumours using neuroepithelial and meningeal tumours as examples. 
Materials and Methods
The study included data from 76 patients with brain tumour who underwent surgical treatment. All 

patients underwent brain MRI during the pre-operative phase. Standard T1-, T2-weighted images in three 
views and DWI in axial view were acquired using 1.5 T Siemens Magnetom Essenza scanner with a b factor 
of 800 s/mm2 followed by a hardware-based apparent diffusion coefficient (ADC) mapping, which was used 
to calculate the tumour ADC values using the ROI tool. Cysts and necrosis located in the tumour structure 
were not included in the measurement area. ADC was calculated in the RadiAnt DICOM Viewer application. 
Histological and immunohistochemical studies were carried out.

Results
The relationship between the obtained ADC values in the tumour, its cellular density and proliferative 

potential was identified. The proliferative activity index of tumours (Ki-67) has been shown to be signifi-
cantly inversely correlated with the ADC values. No significant dependency of the ADC from tumour cell 
density was discovered in this study. The study showed that at low ADC values, the neuroepithelial tumour 
has a malignant nature and high proliferative potential, which is characteristic of high-grade tumours (Grade 
III, IV), as well as that low values of the ADC were characteristic of the anaplastic type of meningiomas 
(Grade III). 

Conclusions
The findings are suggested to be used at the diagnostic stage for differential diagnosis of the nature of a 

mass discovered in the brain, prediction of its malignancy grade and proliferative potential.
Keywords: MRI, DWI, ADC, glioma, meningioma, brain tumours.

INTRODUCTION
Despite modern technical achievements 

in neurosurgery and radiology, certain dif-
ficulties remain in the differentiation of 
tumors of the brain with similar signaling 
characteristics [1]. Besides, it is often dif-
ficult to estimate visually the borders of the 
tumor spread at the pre-operative stage to 
plan the volume of resection and to improve 
long-term treatment outcomes and decrease 
the risks of tumor recurrence. 

The promising approach to the visual-
ization of tumor infiltration is the method of 
diffusion-weighted magnetic resonance im-
aging (DWI) [2]. This method can be used 
for the differentiation of the area of fast 
and slow movement of protons. The areas 
of free and fast protons movement have a 
higher apparent diffusion coefficient (ADC) 
[2]. For clinical applications, the areas of 

structural alterations are relevant that have 
decreased diffusion in comparison with the 
surrounding areas, which can be associ-
ated with the proliferation of cells and their 
high density that is typical for neoplastic 
processes [3–5]. In some cases, the calcu-
lation of the ADC allows the specialists to 
identify the character of the tumor, the ar-
eas of its active growth, the borders with 
healthy brain tissues, and the area of peri-
tumoral edema. Thus, in the morphologi-
cal study, the areas of the tumor node with 
high proliferative activity are characterized 
by higher cellular density and limited diffu-
sion, which is explained by a low volume of 
the nuclear component in a cell and a bigger 
volume of the cytoplasm. This is a prognos-
tic factor for the appearance of proliferating 
vessels and tumor progression [6; 7]. The 
degree of malignancy of tumors is defined 
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by the immunohistochemical study based 
on the index of proliferative activity Ki-67. 
These data are significant in the prognosis 
and management of such patients [8; 9]. The 
values of the index of proliferative activity 
Ki-67 <5% is typical for benign tumors. As 
a rule, Ki-67 > 5% is associated with cel-
lular anaplasia. The establishment of asso-
ciations between the ADC of tumor tissues 
and the degree of their malignancy, cellular 
density, and index of proliferative activity 
is an acute and promising direction in neu-
roradiology [10; 11]. Complex evaluation 
of central nervous system tumors allows a 
radiologist to suggest the character of the 
neoplasm and neurosurgeon to choose a 
rational tactic for the disease management 
before the pathomorphological study. Be-
sides, the changes in ADC after chemo and 
radiotherapy can serve as predictors of the 
response to the treatment. 

The study was aimed to evaluate the 
possibility of DWI with ADC maps in the 
diagnosis of tumors of the brain for the 
evaluation of their proliferative potential 
and degree of malignancy. 

MATERIALS AND METHODS
The study included 76 patients that un-

derwent surgical treatment at the center of 
neurosurgery in Road clinical hospital (Ir-
kutsk, Russia). 

In the diagnostic complex, at the pre-
operative stage, all patients had magnetic 
resonance imaging (MRI) of the brain. 
Standard T1, T2 weighted images in three 
projections, and DWI in the axial projec-
tion were obtained by 1.5 T tomograph Sie-
mens Magnetom Essenza (Germany) and 
b-factor 800 c/mm2 with the further build-
ing of ADC maps with calculated values 
of ADC in the tumor by the ROI tool. The 
area of measurement did not include cysts 
and necrosis in the structure of the tumor. 
The ADC was calculated in the RadiAnt 
DICOM Viewer software.

Histological and immunohistochemical 
studies were performed in the post-opera-
tive period by an experienced pathologist. 
The cellular density of the tumor was esti-
mated in cells/mm3 in Image J at x400 mag-
nification. For the measurement of the in-
dex of proliferative activity (Ki-67), mono-
clonal antibodies MIB-1 were used (Dako 
Cytomation, Danmark).

Retrospectively, patients were divided 
into subgroups according to histological 
characteristics of tumors by the criteria 
of classification of the WHO (2016). The 
study included recurrence-free cases of 
patients with tumors of the brain: gliomas 
(39 patients) and meningiomas (37 pa-
tients). Gliomas were subdivided by the 
following grades: GI – no nuclear atypism, 
mitosis, endothelial proliferation of ves-
sels, necrosis in the structure of the tumor; 
GII – atypical nuclei or single mitoses; 
GIII – numerous mitotic figures; GIV – ex-
pressed endothelial proliferation of vessels, 
necroses. Meningiomas were subdivided by 
the following grades: GI – benign, with a 
uniform cell pattern and moderate nuclear 
polymorphism, without foci of necrosis and 
mitotic activity; GII – atypical, with mani-
fested foci of necrosis and mitotic figures, 
cells and nuclei polymorphism; GIII – ana-
plastic with a high density of cells, numer-
ous figures of mitoses and foci of necrosis.

Two groups were formed for each tumor 
(low ADC and high ADC) with further veri-
fication of their uniformity by several crite-
ria (localization, degree of resection, age). 

The study protocol followed guidelines 
for experimental investigation with human 
subjects in accordance with the Declaration 
of Helsinki and was approved by the ethics 
committee. Written informed consent was 
obtained from each patient (or official rep-
resentative) before the study.

The analysis of the obtained data was 
performed in Microsoft Excel 2010 using 
the methods of descriptive statistics (abso-
lute and relative). The correlation of ADC 
values, cellular density, and Ki-67 was esti-
mated with Spearman’s significance thresh-
old p = 0.05.

RESULTS
In low malignant gliomas, mean ADC 

values were 1260 mm2/s. Highly malignant 
gliomas were characterized by mean low 
values of ADC – 864 mm2/s.

The comparison of the mean values of 
the indices of proliferative activity Ki-67 of 
low and highly malignant tumors revealed 
statistically significant differences. In low 
malignant gliomas, Ki-67 varied from 
2 to 12% (on average, 5%); in gliomas, Ki-
67 was high and varied from 12 to 97% 
(on average, 58%). 
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Benign meningiomas had a high ADC 
(on average, 1375 mm2/s). Atypical menin-
giomas had intermediate values of ADC (on 
average, 1113 mm2/s). Anaplastic meningio-
mas were characterized by a low ADC (on 
average, 689 mm2/s). The analysis of ADC 
values did not reveal any signifi cant diff er-
ence in the intensity of the signal in the struc-
ture of benign and anaplastic meningiomas. 
Still, the intensity of the signal on ADC maps 
of benign meningiomas signifi cantly diff ered 
from anaplastic meningiomas. The values of 
the index of proliferative activity of Ki-67 in 
meningeal tumors varied from 1% to 17% (on 
average, 4%). The analysis of the data showed 
statistically signifi cant diff erences between all 
the groups with meningeal tumors. 

The authors obtained data on the reverse 
correlation between the ADC and indices 
of proliferative activity of Ki-67 in gliomas 
and meningiomas (Fig. 1).

The calculation of cellular density in 
gliomas showed variable values without sig-
nifi cant diff erences (low-grade malignancy 
from 594 to 1785 cells/mm3, high-grade ma-
lignancy from 657 to 1783 cells/mm3). 

The density of cells in meningiomas 
(from 457 to 1785 cells/mm3) also varied 
widely in each group and did not show a 
signifi cant correlation with the degree of 
their malignancy.

The obtained ADC values and cellular 
density in gliomas and meningiomas are 
presented in Fig. 2. 
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Fig. 1. Correlation of the ADC and Ki-67 in gliomas and meningiomas of diff erent degrees of malignancy 
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Fig. 2. ADC and cellular density in gliomas and meningiomas 
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The study results showed that in high-
grade malignant gliomas, ADC values were 
significantly lower than in low-grade ma-
lignant gliomas. Thus, there is a statistically 
significant correlation between the ADC 
and Ki-67 in neuroepithelial tumors. This 
indicates the fact that ADC reflects a patho-
morphological picture of a glioma. 

The obtained data agreed with other au-
thors. Thus, Chen et al. showed different 
ADC values in low-grade and high-grade 
malignant gliomas with signs of reserve 
correlation [3]. The same results were 
obtained by Hu et al. [4]. In the study by 
Serkov et al. [7], the mean values of the 
ADC for low-grade malignant astrocyto-
mas were 1520 mm2/s, which was associ-
ated with low cellular density. The mean 
values of ADC for anaplastic astrocytomas 
were 1180–1230 mm2/s [7]. However, these 
studies stated that the ADC depended on 
cellular density, which was not confirmed 
by the present study. In the present study, 
high-grade malignant gliomas had ADC < 
1340 mm2/s. The consolidation of the ear-
lier obtained and newly revealed data al-
lowed the authors to suggest that low ADC 
values were typical for malignant gliomas 
with high proliferative potential. 

The present study demonstrated that in 
meningiomas, the ADC and Ki-67 had a 
statistically significant reverse correlation. 
Thus, it can be concluded that the ADC 
reflects a pathomorphological picture of a 
meningioma. 

The obtained data agreed with the re-
sults of other studies that also showed a 
correlation between the ADC and prolifera-
tive potential of meningiomas [10–13]. In 
the study by Tang et al. [11], the threshold 
value of the ADC in the differential diagno-
sis of meningiomas GI, GII, and GIII was 
850 mm2/s. In the present study, anaplastic 
meningiomas had ADC < 711 mm2/s. Thus, 
this range of values allowed the authors to 
suggest the anaplastic nature of meningio-
ma. However, not all researchers obtained 

similar data. Some studies did not reveal 
significant differences between the ADC 
and meningiomas of different types [14].

The differences in the obtained data 
can be explained by different methods of 
the study. Despite some differences in the 
obtained data, the results of the present 
study primarily agreed with other research-
ers. The present study had some limitations 
because of retrospective design and small 
representing sampling. The subject requires 
a further study on a larger sampling with a 
complex analysis of the data for tumors of 
the brain of all the histological types. 

CONCLUSIONS 
The performed study clearly showed 

that the intensity of the signal on ADC 
maps and the parameters of the prolifera-
tive potential of the tumor (Ki-67) for neu-
roepithelial tumors of low and high grade 
of malignancy and for meningiomas had 
significant differences. The tumors with 
high proliferative potential were character-
ized by a low intensity of a signal on an 
ADC map, the tumor with low prolifera-
tion potential – a high-intensity signal on an 
ADC map. Thus, MRI with DWI and ADC 
mapping in a complex diagnosis of tumors 
of the brain allows the specialists to predict 
the character of the revealed disease at the 
diagnostic stage, assume the degree of its 
malignancy and proliferative potential, and 
predict the possibility of tumor recurrence. 
Timely application of all the possibilities 
of modern neuro-oncology allows for the 
best possible degree of tumor resection and, 
thus, elongation of the recurrence-free pe-
riod and an increase in the general survival 
rate in this category of patients. 
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