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Background and purpose. — Neurite orientation dispersion and density imaging (NODDI) is a new technique
that applies a three-diffusion-compartment biophysical model. We assessed the usefulness of NODDI for

2018 the differentiation of glioblastoma from solitary brain metastasis.
Methods. - NODDI data were prospectively obtained on a 3T magnetic resonance imaging (MRI) scanner
Keywords : from patients with previously untreated, histopathologically confirmed glioblastoma (n=9) or solitary

Glioblastoma

Brain metastasis
Diffusion-weighted imaging
NODDI

brain metastasis (n =6). Using the NODDI Matlab Toolbox, we generated maps of the intra-cellular, extra-
cellular, and isotropic volume (VIC, VEC, VISO) fraction. Apparent diffusion coefficient —and fraction
anisotropy maps were created from the diffusion data. On each map we manually drew a region of interest
around the peritumoral signal-change (PSC)- and the enhancing solid area of the lesion. Differences
between glioblastoma and metastatic lesions were assessed and the area under the receiver operating
characteristic curve (AUC) was determined.
Results. - On VEC maps the mean value of the PSC area was significantly higher for glioblastoma than
metastasis (P<0.05); on VISO maps it tended to be higher for metastasis than glioblastoma. There was
no significant difference on the other maps. Among the 5 parameters, the VEC fraction in the PSC area
showed the highest diagnostic performance. The VEC threshold value of > 0.48 yielded 100% sensitivity,
83.3% specificity, and an AUC of 0.87 for differentiating between the two tumor types.
Conclusions. - NODDI compartment maps of the PSC area may help to differentiate between glioblastoma
and solitary brain metastasis.

© 2018 Les Auteurs. Publié par Elsevier Masson SAS. Cet article est publié en Open Access sous licence

CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Glioblastomas and brain metastases are the two most common
brain tumors in the elderly [1]. As these tumors require different
management strategies, their differentiation is important [2,3].
This may be possible on conventional magnetic resonance images
(MRI) when multiple lesions are present and clinical information is
available. However, a solitary metastatic brain lesion is the first
manifestation of disease in approximately 30% of patients with
systemic cancer [4] and in such patients, it can be difficult to dif-
ferentiate the clinical entities because their imaging findings on
conventional MRI scans can be similar.

Diffusion-weighted imaging (DWI) techniques such as diffu-
sion tensor imaging (DTI) have been used to differentiate between
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glioblastoma and brain metastasis, however, there are conflicting
results [5-13]. Some suggested that the apparent diffusion coef-
ficient (ADC) [5-8] and fractional anisotropy (FA) [5,7,9-11] are
helpful for their differentiation, while others questioned the use-
fulness of ADC [9-12] and FA [13].

Neurite orientation dispersion and density imaging (NODDI) is a
DWI technique that poses a three-compartment biophysical model
[intracellular, extracellular, and cerebrospinal fluid (CSF)] for each
voxel. It is expected to reflect the microstructure of dendrites and
axons and provides data on neuronal changes that are more specific
than those provided by standard DTI analysis [14].It has beenrepor-
ted that NODDI is useful for the evaluation of cortical dysplasia,
Parkinson disease, and idiopathic normal pressure hydrocephalus
[15-17]. This technique has also been applied in patients with brain
tumors [18,19]. As the NODDI compartment model theoretically
distinguishes three types of water diffusion behavior (i.e. intracel-
lular, extracellular, and CSF), it might demonstrate the difference in
water diffusion between tumor infiltration and vasogenic edema.

0150-9861/© 2018 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Table 1
Summary of patients and brain tumors.

Case Age/[sex Pathology of tumors

1 79/F Glioblastoma

2 79/F Glioblastoma

3 65/M Glioblastoma

4 69/F Glioblastoma

5 66/F Glioblastoma

6 63/F Glioblastoma

7 44/[F Glioblastoma

8 66/M Glioblastoma

9 64/M Glioblastoma

10 67/M Metastasis (unknown primary site, SCC)
11 46/M Metastasis (lung, adenocarcinoma)
12 38/F Metastasis (lung, adenocarcinoma)
13 79/F Metastasis (lung, adenocarcinoma)
14 61/M Metastasis (lung, adenocarcinoma)
15 43[F Metastasis (lung, adenocarcinoma)

F: female; M: male; SCC: squamous cell carcinoma.

To the best of our knowledge, however, there are no reports on the
usefulness of NODDI for the differentiation between glioblastoma
and solitary brain metastasis. Therefore, we assessed its usefulness
for the differentiation between these tumors.

Materials and methods
Patient selection

Our prospective study was approved by the Institutional Board
of Research Associates; prior written informed consent was obtai-
ned from all patients. In the course of one year, we prospectively
collected data from 42 consecutive patients who gave informed
consent for their inclusion in this study and underwent MRI studies
including NODDI for untreated solitary brain lesions. We included
patients who underwent surgical resection after the MRI examina-
tion and whose diagnosis, made by an experienced pathologist, was
glioblastoma or metastatic brain tumor. We excluded 27 patients
due to:

e the lack of contrast-enhanced MRI scans;

e a diagnosis of other intra-axial brain tumors (e.g. lymphoma, oli-
godendroglioma, anaplastic astrocytoma, astroblastoma, typical
teratoid/rhabdoid tumor);

e adiagnosis of extra-axial tumors (e.g. meningioma, schwannoma,
dural metastasis);

¢ a diagnosis of non-tumor lesions (e.g. demyelinating lesion, sub-
cortical hematoma), or;

e MRI scans with severe motion - or susceptibility artifacts.

Consequently, our study population was comprised of 15 conse-
cutive patients (9 women, 6 men; age range 38-79 years; mean age
61.9 years) with glioblastoma or a solitary metastatic brain tumor.
All underwent pre-operative MRI studies including NODDI and all
harbored perifocal T2-hyperintense areas. Of the 15 patients, 9 (6
women, 3 men; mean age 66.1 years; age range 44-79years) had
glioblastoma; the other 6 (3 men, 3 women; mean age 55.7 years;
age range 38-79 years) presented with brain metastasis (Table 1).
All underwent surgical resection; the diagnosis was based on his-
topathologic findings. In patients with brain metastases (n=6), the
primary tumors were non-small-cell lung carcinomas (n=5) in the
other patient the primary site was unknown.

MRI

All scans were performed on a 3T MR unit (Inginia 3T CX, Phi-
lips) with a 32-channel head coil. Conventional MRI included axial

T2-weighted imaging (WI) [TR/TE, 3500/80 ms, field of view (FOV)
220 x 200 mm?, matrix size 386 x 269, section thickness 5 mm), T1-
WI (TR/TE 450/10 ms, FOV 220 x 200 mm?, matrix size 256 x 210,
section thickness 5mm), and contrast-enhanced T1-WI. NODDI
data were obtained prior to contrast-enhanced study during the
same examination.

NODDI data were acquired by using a multi-band echo planar
imaging technique (multiband factor 2). The acquisition para-
meters were TR/TE 8741/83 ms, FOV 224 x 224 mm?, matrix size
76 x 75, voxel size 3 x 3 x 3mm?3, section gap 0 mm, and acquisi-
tion time 708 s. We used three b-values (0, 1000, 2000 s/mm?2) with
32 motion-probing gradient (MPG) directions for each b-value.

Image processing

NODDI data were fitted to the NODDI model [14] by
using the NODDI Matlab Toolbox (http://www.nitrc.org/projects/
noddi_toolbox). Maps of the intracellular- and isotropic volume
(VIC, VISO) fraction were generated. The extracellular volume (VEC)
fraction was derived from these compartment maps and calcula-
ted using an in house Matlab (The MathWorks) script. ADC and
FA maps were created from the same diffusion data obtained at
b=2000s/mm?.

Image evaluation

One neuroradiologist manually drew a region of interest (ROI)
with reference to T2- and postcontrast T1-WI. No fewer than 3 uni-
form round ROIs (approximately 40 mm?2) were carefully placed on
the maximum cross-section of a contrast-enhanced tumor area that
did not contain necrotic or hemorrhagic portions (Fig. 1c) [8]. On T2-
WI scans, an ROI was placed on the whole PSC area at its maximum
cross-section (Fig. 1d) to avoid subjective focal ROI placement. The
ROIs were transferred to the VIC-, VISO-, and VEC fraction, the ADC,
and the FA maps and the mean values of the ROIs were calculated
using Image ] software (NIH, Bethesda, MD).

Statistical analysis

The Mann-Whitney U-test was used to assess differences in the
mean value of VIC, VISO, VEC, FA, and the ADC between glioblas-
toma and metastasis. The optimal threshold for differentiating the
two tumor types was determined by using the Youden index and
receiver operating characteristic (ROC) curves. To determine the
diagnostic performance of certain parameters, the sensitivity, spe-
cificity and the area under the ROC curve (AUC) were calculated. We
also performed pairwise comparison of the ROC curves. A statisti-
cal package, MedCalc for Windows (MedCalc Software, Mariakerke,
Belgium), was used for all analyses. A P-value <0.05 was considered
significant.

Results

The patient characteristics and the mean values of the VIC-
, VISO-, and VEC fraction, the ADC, and of FA are shown in
Tables 2 and 2. With respect to the contrast-enhanced solid areas
we detected no significant differences for any parameters (Table 2).
In the PSC area (Table 3), the mean VEC fraction value was
significantly higher in patients with glioblastoma than brain metas-
tasis (P<0.05) (Figs. 2 and 3). On VISO maps the mean value of
the PSC area tended to be higher for metastasis than glioblas-
toma (Figs. 2 and 3) although there was no significant difference
(P=0.077). The mean value on the other maps was not significantly
different.

Tables 4 and 5 show the threshold value and diagnostic per-
formance of each parameter used for differentiating between
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Fig. 1. An example of ROI placement in a patient with left frontal brain metastasis: a: the T2-weighted image shows a peritumoral T2-signal change area in the left cerebral
white matter; b: post-contrast T1-weighted image demonstrates a heterogeneously enhancing lesion in the left frontal subcortical region; c: no fewer than 3 uniform round
ROIs (approximately 40 mm?) were placed at the maximum cross-section of the contrast-enhanced tumor area free of necrosis or hemorrhage. The ROI was then copied
and pasted on VIC-, VISO-, VEC-, ADC-, and FA maps; d: an ROI encompassing the entire peritumoral signal change area was placed on its maximum cross-section on the
T2-weighted image. The ROI was then copied and pasted on each map.

Table 2 Table 4
Mean value of the VEC-, VIC-, and VISO fraction, the ADC, and FA in the contrast- Threshold value and diagnostic performance of each parameter in the enhancing
enhanced solid area of glioblastomas and metastatic tumors. solid tumor area for differentiating between glioblastomas and metastatic tumors.
Glioblastoma Metastasis P-value Threshold Sensitivity ~ Specificity = AUC  95% confidence
VEC 0.535+0.088 0370 +0.226 0.195 value interval
VIC 0.376 +£0.100 0.475+0.200 0.239 VEC 0.27 100 66.7 0.70 0.419-0.905
VISO 0.241+0.099 0.264+0.142 0.814 VIC 0.42 77.8 66.7 0.69 0.401-0.893
ADC 1.20+0.11 1.13+0.10 0.157 VISO 0.30 77.8 50.0 0.54 0.269-0.790
FA 0.145+0.082 0.098 +0.042 0.157 ADC 1.20 55.6 83.3 0.72 0.438-0.916
FA 0.10 77.8 66.7 0.72 0.438-0.916
VEC: extracellular volume fraction; VIC: intra-cellular volume fraction; VISO: iso-
Table 3 tropic volume fraction; ADC: apparent diffusion coefficient; FA: fraction anisotropy;
Mean value of the VEC-, VIC-, and VISO fraction, the ADC and FA in the peritumoral AUC: the area under the receiver operating characteristic curve.
signal change area of glioblastomas and metastatic tumors. The ADC is expressed in units of x10~3 mm?/s.
Glioblastoma Metastasis P-value
VEC 0.659 £ 0.077 0492+ 0.121 0.018 glioblastomas and metastatic tumors. In the contrast-enhanced
VIC 0.182+0.059 0.200+0.086 0.637 solid areas, none of the parameters yielded high diagnostic per-
VISO 0.201+0.092 0.321+0.124 0.077 formance (Table 4, Fig. 4). Pairwise comparison of the ROC curves
ADC 1.43+0.17 1.57+0.19 0.126

showed no significant difference between each pair of the parame-
ters (Fig. 4). With regard to the PSC area, the VEC fraction exhibited
VEC: extracellular volume fraction; VIC: intra-cellular volume fraction; VISO: iso- the highest diagnostic performance among the 5 parameters for
tropic volume fraction; ADC: apparent diffusion coefficient; FA: fraction anisotropy. differentiating glioblastoma from brain metastasis (Table 5, Fig. 5)
All values are the mean + standard deviation. . K o e
The ADC is expressed in units of x10-3 mm2/s. A VEC fraction threshold value of > 0.48 yielded 100% sensitivity,

83.3% specificity, and an AUC of 0.87 for differentiating glioblas-

FA 0.170+0.024 0.158 +£0.065 0.099
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Fig. 2. Glioblastoma in the right periventricular area of a 69-year-old woman (case 4): a: contrast-enhanced T1-weighted image showing an inhomogeneously enhanced
mass; b: the lesion harbors a large peritumoral hyperintense area on the T2-weighted image; c-g: compared with the contralateral normal-appearing white matter, in the
peritumoral T2-hyperintense area the signal is higher on the ADC map (c), lower on the FA map (d), lower in the VIC- (e), higher in the VEC- (f), and similar on the VISO map
(g). The mean value of the ADC is 1.47 x 10~3 mm?/s. The mean value of the FA is 0.17. The mean value of the NODDI compartment map is 0.16, 0.63, and 0.21 on the VIC-,

VEC-, and VISO map, respectively.

Fig. 3. Brain metastasis in left occipital lobe of a 38-year-old woman (case 12): a: contrast-enhanced T1-weighted image showing an inhomogeneously enhancing mass;
b: the lesion features a moderately hyperintense peritumoral area on the T2-weighted image; c-g: compared with the contralateral normal-appearing white matter, in the
peritumoral T2-hyperintense area, the signal is higher on the ADC map (c), lower on the FA map (d), lower on the VIC- (e), similar on the VEC- (f), and higher on the VISO
map (g). The mean value of the ADC is 1.56 x 10~3 mm?2/s. The mean value of the FA is 0.15. The mean value of the NODDI compartment map is 0.21, 0.39, and 0.43 on the

VIC, VEC, and VISO map, respectively.

toma from brain metastasis. A VISO fraction threshold of <0.24
yielded 88.9% sensitivity, 83.3% specificity, and an AUC of 0.78. In
pairwise comparison of the ROC curves, there was no significant
difference between each pair of the parameters (Fig. 5).

Discussion

Although ADC and FA analysis may facilitate the differentia-
tion of glioblastoma from brain metastasis [5-11], we found that

the VEC fraction in the PSC area was more useful. The NODDI
compartment model theoretically distinguishes three types of
water diffusion behavior (i.e. intracellular, extracellular, and CSF)
according to their diffusion characteristic: Gaussian anisotropic
diffusion (VEC), non-Gaussian anisotropic diffusion (VIC), and iso-
tropic Gaussian diffusion (VISO) [14]. ADC and FA analysis does not
use the compartment model. From a histopathological perspective,
the PSC area in patients with metastasis reflects only vasogenic
edema [20] while in patients with glioblastoma it is attributable
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Table 5
Threshold value and diagnostic performance of each parameter in the peritumoral
signal change area for differentiating between glioblastomas and metastatic tumors.

Threshold Sensitivity ~ Specificity = AUC  95% confidence
value interval
VEC 0.48 100 83.3 0.87  0.600-0.985
VIC 0.14 44.4 93.3 0.57  0.300-0.818
VISO 024 88.9 833 0.78  0.495-0.946
ADC 1.51 77.8 83.3 0.74  0.457-0.926
FA 0.61 77.8 83.3 0.76  0.476-0.936

VEC: extracellular volume fraction; VIC: intra-cellular volume fraction; VISO: iso-
tropic volume fraction; ADC: apparent diffusion coefficient; FA: fraction anisotropy;
AUC: the area under the receiver operating characteristic curve.

The ADC is expressed in units of x10~3 mm?/s.
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Fig. 4. ROC curves for VEC, VIC, VISO, ADC, and FA in the enhancing solid area no
ROC curves show high diagnostic performance for differentiating glioblastoma from
brain metastasis.
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Fig. 5. ROC curves for VEC, VIC, VISO, ADC, and FA in the peritumoral signal change
area.

to tumor infiltration and/or vasogenic edema [21-24]. Our findings
suggest that the NODDI technique is more sensitive to these micro-
structural changes than either ADC or FA assessment.
Caverzasietal.[18] applied the NODDI model on 3T MR scanners
to assess various brain lesions including demyelinating disease,
neoplastic processes, stroke, and toxic/metabolic disease. Although
they did not systematically assess NODDI data by statistical ana-
lyses, their qualitative findings suggested that the NODDI color
map is useful for identifying vasogenic edema (e.g., metastasis, lym-
phoma, and toxoplasmosis) characterized by a marked increase of
the VISO, different from tumor-infiltrated edema, which is charac-
terized by an associated increase in the VEC fraction (e.g. high-grade
glioma). Their findings are in line with our results, but our data sug-

gested that the VEC fraction was more useful than the VISO fraction
for the differentiation of glioblastoma from brain metastasis.

Wen et al. [19] investigated the clinical feasibility of the NODDI
technique at 7T for the evaluation of glioma. They evaluated
normal-appearing white matter (NAWM) regions and T2 hyper-
intensity lesions (T2L) on FLAIR images and contrast-enhancing
lesions (CEL) on post-contrast T1-WI scans of 20 patients with
recurrent glioma. Within T2L and CEL, both the VISO- and the VEC
fraction was significantly higher than in the NAWM region; the
VIC fraction was significantly decreased. They suggested that the
increased signal on VISO maps was related to vasogenic edema,
the higher signal on VEC maps to invading tumor cells along fiber
tracts, and the decreased signal on VIC maps to edema and loss of
neurons. Our data support their suggestions.

We do not know the exact reason why the VEC- is superior to
the VIC- or VISO fraction for the differentiation of glioblastoma from
solitary brain metastasis. According to Zhanget al.[14], NODDI des-
cribes the diffusion MRI signal as a sum of three non-exchanging
compartments:

S = (1 - VISO) {(VIC x Sic) + (1 — VIC) x Sec} + VISO Siso

where S is the entire normalized signal; Sic, Sec, and Siso are the
normalized signals of the intracellular, extracellular, and CSF com-
partments, respectively; and VIC and VISO the normalized volume
fractions of the intra-cellular and CSF compartments, respectively.
These fractions and the signal amplitude are closely correlated.
Theoretically, if one component prevails, the influence of the other
components should be suppressed. Based on our results, we spe-
culate that in the area of tumor cell infiltration, the influence of the
VEC fraction was stronger than of the VIC- or VISO fraction.

Our assessment of the mean value on VIC-, VEC-, VISO-, ADC-
, and FA maps of the contrast-enhanced tumor area revealed no
significant difference between patients with glioblastoma or brain
metastasis. Earlier studies demonstrated that the NODDI color map
better visualized tumor heterogeneity by identifying different tis-
sue components within lesions that appeared homogeneous on
conventional imaging scans [18,19]. Although NODDI techniques
may identify more different tissue components within tumors than
conventional imaging, our results show that they may not be use-
ful for differentiating the heterogeneity of glioblastoma and solitary
brain metastasis

Our study has some limitations. First, our study population was
small. Larger series are needed to assess the value of the NODDI
technique for differentiating between brain tumor types. Second,
we did not perform pathological evaluation of the peritumoral T2-
hyperintense area. Although correlative studies between NODDI
maps and pathologic findings are required to clarify the significance
of the signals on NODDI maps, based on previous studies [20-24],
the PSC area in metastasis is due only to vasogenic edema while
in glioblastoma it is attributable to tumor infiltration and/or vaso-
genic edema. Third, our study did not include other functional MR
techniques such as perfusion imaging and MR spectroscopy [25,26].
Comparative studies using these techniques are needed to assess
the usefulness of NODDI for differentiating glioblastoma from brain
metastasis.

Conclusion
NODDI compartment maps, especially VEC maps, in the PSC

area were useful for differentiating glioblastoma from solitary brain
metastasis.
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