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Abstract: Few studies have examined apparent diffusion coefficient (ADC) values of white matter (WM) in the oppo-
site hemisphere of the cranial tumor. Therefore, this study aimed to assess the utility of ADC obtained from quantifi-
cation of diffusion weighted (DW) magnetic resonance imaging (MRI) for differentiation between healthy and patho-
logical contralateral normal-appearing white matter (CNAWM) in patients diagnosed with glioma or meningioma. A
total number of 1,306 subjects (979 regular individuals, 250 diagnosed with glioma, and 77 having meningioma)
underwent DWI examinations, considering factors such as age, gender, hemisphere, and histopathological findings.
Bilateral ADC values were calculated in healthy WM participants and unilateral measurements were evaluated on
the remote opposite NAWM from the tumor containing hemisphere. ADC ranges in CNAWM of high-grade gliomas
(0.823 + 0.016 x 10° mm?/s) differed significantly from ADC spectrum of low-grade gliomas (0.797 + 0.018 x 108
mm?/s) and meningiomas (0.778 + 0.008 x 10 mm?/s). Compared to ADC values of healthy individuals (0.752 +
0.017 x 10® mm?/s), these results suggest that quantification of DWI encompasses high sensitivity in early detec-
tion and specificity in differentiating abnormalities in macroscopically unsuspicious WM structures. In conclusion,
an increase of apparent diffusion coefficient was found in the normal appearing white matter from the opposite

area to the lesion (both benign and malign), statistically correlating to the grading of the tumor.
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Introduction

According to the World Health Organization
(WHO), brain tumors are categorized into two
categories, benign (noncancerous) and malig-
nant (cancerous). Furthermore, each category
is divided into different types of tumors depend-
ing on the nature of cells involved [1-4].

Meningiomas usually belong to the benign divi-
sion, with only 8% of these lesions being atypi-
cal and potentially harmful [4]. Diagnos-tics are
generally established with routine MRIs, using
combined information from different sequenc-
es, appearance of the tissues, and location in
the brain [5-7].

In contrast, concerning the malignant category,
gliomas are the most common form of ce-rebral
neoplasia. WHO provides a classification of gli-
omas into 4 grades, with worse prognosis for

more advanced grades [2, 3, 8]. Although the
classification clearly differentiates between gr-
ades, in practical medicine, reality often pr-
oves that there are mixed gliomas with elevated
levels of malignancy intra lesion and lower lev-
els at the periphery [1, 9-11]. Accordingly, this
research will consider low-grade gliomas label-
ed as grade |, I/Il, and Il and high-grade gliomas
will encompass the following levels: lI/111, 11, 11/
IV, and IV. Concerning the benign category, this
study will consider only WHO grade | meningio-
ma. The WHO grading criteria for each lesion
was obtained from histopathological laboratory
analysis.

The nature and grading of a brain mass is, pref-
erably, established through a histopathological
method. However, there are cases when biopsy
and/or surgery are not preferable options. On
that premise, noninvasive investigations are
considered [12-20]. One of these is magnetic
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resonance spectroscopy (MRS), which has pr-
oven its feasibility due to accurate values of
metabolic changes that occur in tumors, app-
earing tissues [21, 22]. The main disadvantag-
es of MRS are the limited area of evaluation,
long scanning times, and elaborate post-pro-
cessing of image data. Consequently, the pres-
ent study aimed to discover if DWI might poten-
tially be a shortened alternative to noninvasive-
ly assess extensive regions of the brain [23-
25], such as the contralateral white matter side
in the cerebral neoplasia.

Anterior studies of DWI applied in characteriza-
tion of white matter were conducted solely to
determine the tissue in or around the tumor
[26-34]. Few studies have examined apparent
diffusion coefficient values of white matter in
the opposite hemisphere of cranial tumors [9,
35-37]. The added value of studying this part of
the brain, compared to lesions directly, con-
sists of displaying the extension of alteration
processes concerning the normal appearing
white matter. In consideration of establishing
the pathological values for CNAWM, measure-
ments of normal white matter of healthy partici-
pants were established. Although current litera-
ture computes various normal ranges of ADC
[38], there are previous studies demonstrating
that ADC values alter due to post processing
methods [39], configuration of MRI equipment
[40, 41], laterality, age, and gender [42-44].
Therefore, it was mandatory to begin this re-
search by first evaluating the quantification
data of DWI in normal patients, grouped by fac-
tors such as age, sex, and brain hemisphere.

The purpose of this study consisted of estab-
lishing normal white matter ADC values on a
large cohort, analyzing results concerning age
and gender, calculating the spectrum of vari-
ability for ADC alterations in CNAWM from pa-
tients with gliomas (low and high grade), as well
as meningiomas, and determining the extent of
modification that could lead to early detection
of progressive/invasive malignant status.

Materials and methods
Patient recruitment

This study was approved by the appropriate
Institutional Review Board and all enrolled sub-
jects provided written informed consent to sa-
fely undergo the MRI examination and have
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their data stored and used for research pur-
poses.

During a period of 35 months, 1,306 subjects
were scanned using the MRI procedure. Of
these, 979 participants were from a healthy
population, 250 patients received a glioma
radiological and histopathological result (low
and high grade), and 77 individuals were diag-
nosed with typical benign meningioma.

General exclusion criteria for all participants,
regardless of the inclusion group (normal or
pathological) were as follows: inability to ex-
press informed consent, claustrophobic pa-
tients, comatose/under anesthesia patients,
pediatric patients, insufficient compliance, cog-
nitive status impairment, language impedi-
ments, motion/metallic/susceptibility artifacts,
allergic reactions to gadolinium based contrast
agents, chemotherapy or radiotherapy in histo-
ry, evidence of neoplasm across the body, his-
tory of any neurologic or systemic disease that
might have affected the brain (for example,
diabetes, chronic obstructive pulmonary dis-
ease, hypertension, metabolic disorders, de-
mentia), and none were taking medication regu-
larly (except for topical drugs).

Concerning the normal group of participants,
apart from the general restrictions metioned
above, volunteers had to receive a normal
radiological result, described no brain lesions
whatsoever (minor white matter changes in the
older subjects, named leukoaraiosis, were con-
sidered as normal), and absence of a family
history of psychiatric disorders, dementia, or
multiple sclerosis.

Other than the nature of the tumor, the follow-
ing exclusion criteria were applied in the pro-
cess of participant selection for the tumoral
group: status of post brain surgery in history,
recidival tumor, and evidence of abnormal ch-
anges on MRl images that revealed unexpected
cerebral lesions in the CNWM. Another impor-
tant issue was the presence of histopathologi-
cal proof of the stated form of lesion, meaning
that the MRI examination was preceded or fol-
lowed by resection of the tumor and laboratory
analysis.

The normal group consisted of 979 partici-
pants, with 364 males (37.2%) and 615 femal-
es (62.8%). Ages ranged from 18 to 84 years
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old (mean age was 36 years old). The menin-
gioma category had 77 subjects: 17 men
(22.1%) and 60 women (77.9%), aged between
29 and 84 years old (average 60 years old).
Concerning patients with gliomas, this study
divided the participants into a low-grade cate-
gory, encompassing 73 subjects (almost equal-
ly distributed to 36 female participants and
37 male participants, aged between 18-75,
mean 40 years old) and hi-gh-grade category
with 183 subjects (105 males, 54.3% and 72
females 40.7%, aged between 22-86, mean 48
years old).

Imaging techniques

All studies were performed with a Magnetom
Avanto Imager (Siemens Medical Systems,
Erlanger, Germany) operating at 1.5 Tesla,
using a standard head coil. In addition to axial
DW images, the scanning protocol included
conventional T2-weighted (sagittal and axial),
fluid-at-tenuated inversion recovery (3D), and
T1-weigh-ted (axial and coronary, both before
and after administration of contrast agent) to
exclude gross brain disease for normal brains
and to characterize neoplastic lesions for the
tumor category. All imaging procedures were
completed without any adverse effects or
complications.

Diffusion-weighted imaging derives its contrast
from differences in the motion of water mole-
cules in biologic tissues, which can become
restricted due to interactions with cell mem-
branes and macromolecules. The severity of
restriction of water diffusion is proportional to
cellular tissue density, meaning that any pres-
ence of other types of cells (for example, tumor
cells) interfere with the normal free movement
of water molecules, appearing as restriction.
The precision to detect abnormalities in water
motion can be raised by increasing the ampli-
tude, duration, and temporal spacing of two
gradients. Gradient properties determine the
parameter known as the “b-factor”. For a brain
examination, at least two b-values ranging
betw-een 0-1000 mm?/s (in this study, DWI
parameters included three values: 0, 500,
1000 mm?/-s) are necessary to obtain DW
images in three orthogonal directions that will
be combined into isotopic DW images and
apparent diffusion coefficient maps calculated
on a pixel-by-pixel basis [19, 45, 46].

In this study, DW imaging was performed with a
spin-echo echo-planar imaging sequence with
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a TR/TE of 7000/103, 40 slices, 3 mm thick
sections, and a field of view of 230/230 mm?2.
Diffusion was measured in three orthogonal
directions (x, y, and z) with three b values (O,
500 and 1000 s/mm?). The total acquisition
time for DW images was approximately 4
minutes.

The technique can be performed at a rapid
scanning time, without the necessity of con-
trast agent administration. It is cost effective
with reduced sensitivity to motion artifacts,
providing both qualitative and quantitative in-
formation.

The qualitative part refers to the visual repre-
sentation of the lesion due to the mobility of
water molecules restricted in the tumor tissue
(appearing “brighter” on images).

The quantification aspect is less used in con-
ventional MRI evaluations and refers to the
sensitivity to water motion arising in DWI se-
quence. It is represented by the apparent diffu-
sion coefficient.

Data analysis

DW images and automatically generated ADC
maps were transferred to a separate worksta-
tion for data analysis. Apparent diffusion coef-
ficient values were derived from post-process-
ing the obtained images by manually drawing
regions of interest (ROIs) on the ADC map, with-
in the selected tissue. First, ROIs were drawn
on the T2-weighted (b=0) images, in which the
structures could easily be identified. Next, they
were subsequently tr-ansferred to the equiva-
lent ADC maps. For each ROI, the surface area,
minimum, maximum, mean, and standard de-
viation ranges for ADC values were obtained.
ROI analysis was performed with imagine anal-
ysis software (Syngo Via Plaza version VB10A,
Siemens Medical Systems, Erlanger, Germany),
allowing ROI positioning as a single point (round
shape, minimal size) rather than an area, re-
ducing the risks of encircling surrounding tis-
sue (for example, grey matter).

For the normal group, ROIs were drawn on ea-
ch hemisphere, symmetrically bilateral, in the
white matter tissue (Figure 1).

Concerning the glioma and meningioma cate-
gory, ROIs were drawn only on the opposite si-
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Figure 1. Example of ROI placement in a healthy pa-
tient, with emphasis on ADC value.

Figure 2. Example of contralateral ROl placement
on NAWM, in a patient diagnosed with meningioma,
with emphasis on ADC value.

de, symmetrically placed in the white matter
structure (Figures 2, 3).

Statistical analysis

Data derived from ROl measurements were
statistically analyzed using SPSS 16.0 soft-
ware (SPSS Inc. Chicago, IL, USA). Effects of
tumor presence on ADC values were studied
using Spearman’s analysis since the groups
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Figure 3. Example of contralateral ROl placement on
NAWM, in a participant diagnosed with high grade
glioma, with emphasis on ADC value.

were not normally distributed. One-way analy-
sis of variance was applied to study the average
values in normal participants for each hemi-
sphere and in tumor category for unilateral
evaluation. Groups representing different age
cohorts and different sexes were compared
with multivariate analysis of variance. Two-
tailed P-values less than .05 indicate signifi-
cant differences.

Results

In normal brains, mean ADC values were (0.75-
2071 + 0.0171) x 10 mm?/s (range, 0.710-
0.797 x 10° mm?/s). Differences in the left
hemisphere (mean 0.75229 + 0.0143 x 103
mm?/s) from the right hemisphere (mean
0.75250 + 0.01474 x 102 mm?/s) were insig-
nificant. Also, no statistically significant differ-
ences were fo-und between the gender groups
(male participants had a mean ADC of 0.753 x
10° mm?/s compared to female patients that
had 0.7515 x 10 mm?/s) or among various
age groups (mean of ADC values was constant
at about 0.752 x 10 mm?/s until ages 40-50
years old when a slight increase was noticeable
-a mean of 0.760 x 10° mm?/s).

Concerning the meningioma category, average
ADC values were (0.778 + 0.0089) x 103
mm?/s (range, 0.775-0.806 x 10 mm?/s).
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Table 1. Minimum, maximum, mean, and standard deviation (SD) values of

ADC in each of the four categories studied

presence of abnor-
malitiesinmacrosco-

pically unsuspicious

ROI placement Minim Maxim Mean + SD
Normal brain 0.710 0.797 0.752071 £ 0.0171
Contralateral meningioma 0.775 0.806 0.778 £ 0.0089
Contralateral low-grade glioma 0.774 0.857 0.797 £ 0.0183
Contralateral high-grade glioma 0.783 0.875 0.823 + 0.016

parenchyma. None
have compared nor-
mal healthy WM with
NAWM of meningio-

Table 2. Spearman’s correlation in SPSS stating significant positive correla-
tion between grading of the tumor and ADC values (where “ADC contralat-
eral” encompass ADC values for both meningiomas and gliomas)

mas, low, and high-
grade gliomas.

Although present re-
sults prove a definite
correlation between

ADC levels of malignancy

B8 contralateral  ang values of ADC

Correlation Coefficient
Sig. (2-tailed)

Grading

N
Spearman’s rho

Correlation Coefficient
Sig. (2-tailed)

ADC contralateral
N

1.000 746" in the contralateral

. .000 NAWM (rising from
1306 1306 0.752 x 103 mm?/s
746 1.000 in normal brains to
000 . 0.778 x 10 mm?/s
1306 1306 in meningiomas, th-

**_ Correlation is significant at the 0.01 level (2-tailed).

The low-grade group showed mean ADC val-
ues of (0.797 + 0.0183) x 10 mm?/s (range,
0.774-0.857 x 103 mm?/s) and high-grade cat-
egory calculations for contralateral ADC were
(0.823 + 0.016) x 10° mm?/s (range, 0.783-
0.875 x 10 mm?/s).

Collected values are listed in Table 1, consider-
ing the measurement units for ADC values (x
10° mm?/s).

Comparing the results of pathological partici-
pants to normal brains, a potential connection
between the severity of tumor grading and the
elevated spectrum of ADC in the contralateral
NAWM was observed. To conclude the veridici-
ty of this statement, Spearman’s statistical
analysis was applied. Results, as shown in
Table 2, clearly demonstrate a strong positive
correlation between tumor grading and the
value of contralateral ADC.

Discussion

The present study reported ADC values in
normal brains, as well as in the contralateral
NAWM, for both benign and malign tumors in a
large representative adult population involving
pat-ients of both sexes with a wide age range.

To the best of our knowledge, only a few stud-
ies have addressed the issue of evaluating the
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en to 0.797 x 103
mm?/s in low grade
gliomas, and finally
to 0.823 x 10° mm?/s in high grade glioma),
the causal factors remain unclear.

Typically, on MR images, the contrast-enhanc-
ing core of malignant gliomas is located within
a much larger area of tissue that is often
described as edema. It can be not only reactive
brain tissue but also a reflection of tissue infil-
trated by tumor cells. This peritumoral tissue
has been thought to appear within 3 cm around
the tumor, but more recent findings have yield-
ed the probability of a more extended zone of
infiltration. In this situation, with malignant
cells migrating from a high grade-glioma, the
presence of malignant cells at the opposite
hemisphere might be considered low, as with
the aspect of low-grade gliomas (sometimes
indistinguishable from normal brain parenchy-
ma). This explanation might clarify the increased
values of ADC in the brain parenchyma of the
hemisphere contralateral to the tumor localiza-
tion in the absence of visible MRI abnorma-
lities.

Also, considering that increased ADC values
were revealed in the meningioma group, it can
be concluded that DWI is highly sensitive to any
interference with cell mobility by different strat-
egies (whether benign or malign), resulting in
elevated values directly dependent to the level
of malignancy. Modifications could occur due to
compression, ischemia, or tumor vascularity
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since ADC with monoexponential fitting can
also be affected by intra voxel perfusion.
However, ADC values were clearly shown to cor-
relate with tumor grades (both in benign and
malign cases) on a large cohort, implying that
other factors, such as inflammatory process or
tumor infiltration of the WM, can affect these
results.

The present study assumed that DWI repre-
sents an important role in early detection of tis-
sue abnormalities and that tumor infiltration is
not the only reason for raised ADC values in
the contralateral NAWM. Other factors involved
include mass effects, tumor volume, and global
vasogenic edema.

Future studies should encompass different
types of benign tumors (cysts or lipomas), as
meningioma is an extra-axial tumor. Measu-
rements should be calculated at the most dis-
tant point from the tumor and histopathological
analysis should be conducted on the exact ROI
placement to assess the exact extent of DWI
sensitivity.

In conclusion, an increase of apparent diffusion
coefficient was found in the normal appearing
white matter from the opposite area to the
lesion (both benign and malign), statistically
correlating to tumor grading. In the absence of
visible MRI abnormalities, this may be an ear-
ly indicator of microstructural changes of the
NAWM attributed to malignant brain tumors
and could have a critical role in therapeutic
conduct.

Acknowledgements

The authors acknowledge the contribution
towards the article to medical staff specializ-
ed in anatomical pathology and radiology for
the histopathological and radiological results.

Disclosure of conflict of interest
None.

Address correspondence to: Teodora A Albu, De-
partment of Physics, West University of Timisoara,
Boulevard Vasile Parvan 4, Timisoara 300223,
Timis, Romania. E-mail: teodora.albu90@e-uvt.ro

References

[1] DeAngelis LM. Brain tumors. N Engl J Med
2001; 344: 114-23.

2580

(2]

(4]

(7]

(11]

[12]

(13]

Louis DN, Ohgaki H, Wiestler OD, Cavenee WK,
Burger PC, Jouvet A, Scheithauer BW, Kleihues
P. The 2007 WHO classification of tumours of
the central nervous system. Acta Neuropathol
2007; 114: 97-109.

Louis DN, Perry A, Burger P, Ellison DW,
Reifenberger G, von Deimling A, Aldape K, Brat
D, Collins VP, Eberhart C, Figarella-Branger D,
Fuller GN, Giangaspero F, Giannini C, Hawkins
C, Kleihues P, Korshunov A, Kros JM, Beatriz
Lopes M, Ng HK, Ohgaki H, Paulus W, Pietsch
T, Rosenblum M, Rushing E, Soylemezoglu F,
Wiestler O, Wesseling P. International Society
Of Neuropathology-Haarlem consensus guide-
lines for nervous system tumor classification
and grading. Brain Pathol 2014; 24: 429-435.
Ostrom QT, Gittleman H, Fulop J, Liu M, Blanda
R, Kromer C, Wolinsky Y, Kruchko C, Barnholtz-
Sloan JS. CBTRUS statistical report: primary
brain and central nervous system tumors diag-
nosed in the united states in 2008-2012.
Neuro Oncol 2015; 17 Suppl 4: iv1-ive2.
Philip, Neenu, et al. Intracranial meningiomas
- a pictorial review of MRI features. Indian Jour-
nal of Medical Specialities, vol. 4, 2012,
doi:10.7713/ijms.2012.0066.

Filippi CG, Edgar MA, Ulug AM, et al. Appear-
ance of meningiomas on diffusion-weighted
images: correlating diffusion constants with
histopathological findings. AJNR 2001; 22: 65-
72.

Bano S, Waraich MM, Khan MA, Buzdar SA,
Manzur S. Diagnostic value of apparent coeffi-
cient for accurate assessment and differentia-
tion of intracranial meningiomas. Acta Radiol
Short Rep 2013; 2: 2047981613512484.
Stupp R, Roila F; ESM Guidelines Working
Group. Malignant glioma: ESMO clinical rec-
ommendations for diagnosis, treatment and
follow-up. Ann Oncol 2009; 20: 126-8.

Giese A, Bjerkvig R, Berens ME, Westphal M.
Cost of migration: invasion of malignant glio-
mas and implications for treatment. J Clin
Oncol 2003; 21: 1624-1636.

Siegal T. Clinical impact of molecular biomark-
ers in gliomas. J Clin Neurosci 2015; 22: 437-
44,

Cha S. Update on brain tumor imaging: from
anatomy to physiology. AJNR Am J Neuroradiol
2006; 27: 475-87.

Surov A, Gottschling S, Mawrin C, Prell J, Spiel-
mann RP, Wienke A, Fiedler E. Diffusion-
weighted imaging in meingiomas: prediction of
tumor grade and association with histopatho-
logical patrameters. Translational Transl Oncol
2015; 8: 517-23.

Toh CH, Wong AM, Wei KC, Ng SH, Wong HF,
Wan YL. Peritumoral edema of meningiomas
and metastatic brain tumors: differences in
diffusion characteristics evaluated with diffu-

Int J Clin Exp Med 2019;12(3):2575-2582


mailto:teodora.albu90@e-uvt.ro

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Alterations of CWM in glioma and meningioma patients with DWI

sion-tensor MR imaging. Neuroradiology 2007;
49: 489-94.

Law M, Yang S, Wang H, Babb JS, Johnson G,
Cha S, Knopp EA, Zagzag D. Glioma grading:
sensitivity, specificity, and predictive values of
perfusion MR imaging and proton MR spectro-
scopic imaging compared with conventional
MR imaging. AJNR Am J Neuroradiol 2003; 24:
1989-98.

Brynolfsson P, Nilsson D, Henriksson R, Hauks-
son J, Karlsson M, Garpebring A, Birgander R,
Trygg J, Nyholm T, Asklund T. ADC texture-an
imaging biomarker for high-grade dlioma. Med
Phys 2014; 41: 101903

Ryu YJ, Choi SH, Park SJ, Yun TJ, Kim JH, Sohn
CH. Glioma: application of whole-tumor texture
analysis of diffusion-weighted imaging for the
evaluation of tumor heterogeneity. PLoS One
2014; 9: e108335.

Kitis O, Altay H, Calli C, Yunten N, Akalin T,
Yurtseven T. Minimum apparent diffusion coef-
ficients in the evaluation of brain tumors. Eur J
Radiol 2005; 55: 393-400.

Al-Okaili RN, Krejza J, Wang S, Woo JH, Melhem
ER. Advanced MR imaging techniques in the
diagnosis of intraaxial brain tumors in adults.
Radiographics 2006; 26 Suppl 1: S173-89.
Jacobs AH, Kracht LW, Gossmann A, Ruger MA,
Thomas AV, Thiel A, Herholz K. Imaging in neu-
rooncology. NeuroRx 2005; 2: 333-347.

Collet S, Valable S, Constans JM, Lechapt-
Zalcman E, Roussel S, Delcroix N, Abbas A,
Ibazizene M, Bernaudin M, Barre L, Derlon JM,
Guillamo JS. [(18)F]-fluoro-L-thymidine PET and
advanced MRI for preoperative grading of glio-
mas. Neuroimage Clin 2015; 8: 448-454.
Cohen BA, Knopp EA, Rusinek H, Babb JS,
Zagzag D, Gonen 0. Assessing global invasion
of newly diagnosed glial tumors with whole-
brain proton MR spectroscopy. AJNR Am J
Neuroradiol 2005; 26: 2170-7.

Essig M, Anzalone N, Combs SE, Dorfler A, Lee
SK, Picozzi P, Rovira A, Weller M, Law M. MR
imaging of neoplastic central nervous system
lesions: review and recommendations for cur-
rent practice. AINR Am J Neuroradiol 2012;
33: 803-17.

Kono K, Inoue Y, Nakayama K, Shakudo M,
Morino M, Ohata K, Wakasa K, Yamada R. The
role of diffusion-weighted imaging in patients
with brain tumors. AJNR Am J Neuroradiol
2001; 22: 1081-8.

Guzman-De-Villoria JA, Mateos-Pérez JM, Fer-
nandez-Garcia P, Castro E, Desco M. Added va-
lue of advanced over conventional magnetic
resonance imaging in grading gliomas and
other primary brain tumors. Cancer Imaging
2014; 14: 35.

Jensen JH, Helpern JA. Progress in diffusion-
weighted imaging: concepts, techniques and

2581

[26]

[27]

(28]

[29]

[30]

(31]

(32]

(33]

(34]

[35]

[36]

applications to the central nervous system.
NMR Biomed 2010; 23: 659-60.

Provenzale JM, McGraw P, Mhatre P, Guo AC,
Delong D. Peritumoral brain regions in gliomas
and meningiomas: investigation with isotropic
diffusion-tensor MR imaging. Radiology 2004;
232: 451-60.

Server A, Kulle B, Mehlen J, Josefsen R, Schell-
horn T, Kumar T, Langberg CW, Nakstad PH.
Quantitative apparent diffusion coefficients in
the characterization of brain tumors and asso-
ciated peritumoral edema. Acta Radiol 2009;
50: 682-689.

Provenzale JM, McGraw P, Mhatre P, Guo AC,
Delong D. Peritumoral brain regions in gliomas
and meningiomas: investigation with isotropic
diffusion-weighted MR imaging and diffusion-
tensor MR imaging. Radiology 2004; 232:
451-460.

Ebisu T, Naruse S, Horikawa Y, Ueda S, Tanaka
C, Uto M, Umeda M, Higuchi T. Discrimination
between different types of white matter edema
with diffusion-weighted MR imaging. J Magn
Reson Imaging 1993; 3: 863-8.

Maier SE, Bogner P, Bajzik G, Mamata H, Ma-
mata Y, Repa |, Jolesz FA, Mulkern RV. Normal
brain and brain tumor: multicomponent appar-
ent diffusion coefficient line scan imaging.
Radiology 2001; 219: 842-849.

Maier SE, SunY, Mulkern RV. Diffusion imaging
of brain tumors. NMR Biomed 2010; 23: 849-
64.

Pauleit D, Langen KJ, Floeth F, Hautzel H,
Riemenschneider MJ, Reifenberger G, Shah
NJ, Muller HW. Can the apparent diffusion co-
efficient be used as a noninvasive parameter
to distinguish tumor tissue from peritumoral
tissue in cerebral gliomas? J Magn Reson
Imaging 2004; 20: 758-64.

Schwarcz A, Ursprung Z, Berente Z, Bogner P,
Kotek G, Meric P, Gillet B, Beloeil JC, Doczi T. In
vivo brain edema classification: new insight of-
fered by large b-value diffusion-weighted MR
imaging. J Magn Reson Imaging 2007; 25: 26-
31.

Thoeny HC, Ross BD. Predicting and monitor-
ing cancer treatment response with DW-MRI. J
Magn Reson Imaging 2010; 32: 2-16.

Horvath A, Perlaki G, Téth A, Orsi G, Nagy S
Déczi T, Horvath Z, Bogner P. Increased diffu-
sion in the normal appearing white matter of
brain tumor patients: is this just tumor infiltra-
tion? J Neurooncol 2016; 127: 83-90.
Kallenberg K, Goldmann T, Menke J, Strik H,
Bock HC, Mohr A, Buhk JH, Frahm J, Dechent P,
Knauth M. Abnormalities in the normal ap-
pearing white matter of the cerebral hemi-
sphere contralateral to a malignant brain tu-
mor detected by diffusion tensor imaging. Folia
Neuropathol 2014; 52: 226-233.

Int J Clin Exp Med 2019;12(3):2575-2582



(37]

(38]

[39]

[40]

[41]

[42]

Alterations of CWM in glioma and meningioma patients with DWI

Maudsley AA, Roy B, Gupta RK, Sheriff S,
Awasthi R, Gu M, Husain N, Mohakud S, Behari
S, Spielman DM. Association of metabolite
concentrations and water diffusivity in normal
appearing brain tissue with glioma grade. J
Neuroimaging 2014; 24: 585-589.

Watanabe M, Sakai O, Ozonoff A, Kussman S,
Jara H. Age-related apparent diffusion coeffi-
cient changes in the normal brain. Radiology
2013; 266: 575-82.

Zeilinger MG, Lell M, Baltzer PA, Dorfler A, Uder
M, Dietzel M. Impact of post-processing meth-
ods on apparent diffusion coefficient values.
Eur Radiol 2017; 27: 946-955.

Klimas A, Drzazga Z, Kluczewska E, Hartel M.
Regional ADC measurements during normal
brain aging in the clinical range of b values: a
DWI study. Clin Imaging 2013; 37: 637-44.
Mulkern RV, Haker SJ, Maier SE. On high b dif-
fusion imaging in the human brain: rumina-
tions and experimental insights. Magn Reson
Imaging 2009; 27: 1151-62.

Helenius J, Soinne L, Perkio J, Salonen O,
Kangasmaki A, Kaste M, Carano RA, Aronen
HJ, Tatlisumak T. Diffusion-weighted MR imag-
ing in normal human brains in various age
groups. AJNR Am J Neuroradiol 2002; 23: 194-
9.

2582

[43]

[44]

[45]

[46]

Naganawa S, Sato K, Katagiri T, Mimura T,
Ishigaki T. Regional ADC values of the normal
brain: differences due to age, gender, and lat-
erality. Eur Radiol 2003; 13: 6-11.

Yoshiura T, Noguchi T, Hiwatashi A, Togao O,
Yamashita K, Nagao E, Kamano H, Honda H.
Intra- and interhemispheric variations of diffu-
sivity in subcortical white matter in normal hu-
man brain. Eur Radiol 2010; 20: 227-33.

Le Bihan D. Apparent diffusion coefficient and
beyond: what diffusion MR imaging can tell us
about tissue structure. Radiology 2013; 268:
318-322.

Bulakbasi N, Guvenc I, Onguru O, Erdogan E,
Tayfun C, Ucoz T. The added value of the appar-
ent diffusion coefficient calculation to magnet-
ic resonance imaging in the differentiation and
grading of malignant brain tumors. J Comput
Assist Tomogr 2004; 28: 735-46.

Int J Clin Exp Med 2019;12(3):2575-2582



