Document downloaded from:

http://hdl.handle.net/10251/200663
This paper must be cited as:

Aparici-Robles, F.; Davidhi, A.; Carot Sierra, JM.; Perez-Girbes, A.; Carreres-Polo, J.;
Mazdén-Momparler, M.; Juan-Albarracin, J.... (2022). Glioblastoma versus solitary brain
metastasis: MRI differentiation using the edema perfusion gradient. Journal of
Neuroimaging. 32(1):127-133. https://doi.org/10.1111/jon.12920

The final publication is available at

https://doi.org/10.1111/jon.12920

Copyright  Bjackwell Publishing

Additional Information



W) Check for updates

Received: 29 April 2021 Revised: 18 July 2021 Accepted: 5 August 2021

DOI: 10.1111/jon.12920
JOURNAL OF

NEUROIMAGING

CLINICAL INVESTIGATIVE STUDY WILEY

Glioblastoma versus solitary brain metastasis: MRI
differentiation using the edema perfusion gradient

| Andjoli Davidhi
Joan Carreres-Polo® |
| Juan Miguel Garcia-Gomez?

| José Miguel Carot-Sierra? |
Miguel Mazon Momparler! |

Fernando Aparici-Robles!
Alexandre Perez-Girbes' |

Javier Juan - Albarracin? | Elies Fuster-Garcia?

1 Servicio de Radiologia, Area Clinicade
Imagen Médica, Hospital Universitarioy
Politécnico La Fe, Valencia, Spain

2 |nstituto de Aplicaciones de las Tecnologias
de la Informacién y de las Comunicaciones
Avanzadas (ITACA), Universitat Politécnica de
Valéncia, Valencia, Spain

Correspondence

Andjoli Davidhi, Servicio de Radiologia, Area
Clinica de Imagen Médica, Hospital Universi-
tarioy Politécnico La Fe, Avinguda de Fernando
Abril Martorell, 106, Valencia 46026, Spain.
Email: davidhi-andy@hotmail.com

Fundinginformation

This study was partially funded by SERAM
(Spanish Society of Medical Radiology) Grant
Becas Seram-Industria 2014.

INTRODUCTION

Brain metastases are the most frequent brain tumors in adults,

and up to 20-40% of cancer patients will develop them through-

ABSTRACT

Background and Purpose: Differentiation between glioblastoma multiforme (GBM) and
solitary brain metastasis (SBM) remains a challenge in neuroradiology with up to 40% of
the cases to be incorrectly classified using only conventional MRI. The inclusion of perfu-
sion MRI parameters provides characteristic features that could support the distinction
of these pathological entities. On these grounds, we aim to use a perfusion gradient in the
peritumoral edema.

Methods: Twenty-four patients with GBM or an SBM underwent conventional and perfu-
sion MR imaging sequences before tumors’ surgical resection. After postprocessing of the
images, quantification of dynamic susceptibility contrast (DSC) perfusion parameters was
made. Three concentric areas around the tumor were defined in each case. The monocom-
partimental and pharmacokinetics parameters of perfusion MRI were analyzed in both
series.

Results: DSC perfusion MRI models can provide useful information for the differentiation
between GBM and SBM. It can be observed that most of the perfusion MR parameters
(relative cerebral blood volume, relative cerebral blood flow, relative Ktrans, and relative
volume fraction of the interstitial space) clearly show higher gradient for GBM than SBM.
GBM also demonstrates higher heterogeneity in the peritumoral edema and most of the
perfusion parameters demonstrate higher gradients in the area closest to the enhancing
tumor.

Conclusion: Our results show that there is a difference in the perfusion parameters of
the edema between GBM and SBM demonstrating a vascularization gradient. This could
help not only for the diagnosis, but also for planning surgical or radiotherapy treatments

delineating the real extension of the tumor.
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out their illness.! Most brain metastases originate from lung, breast,
or melanoma malignancies, and approximately 50% of patients
with metastatic brain disease present with solitary brain metastasis
(SBM).23 On the other hand, glioblastoma multiforme (GBM) is the
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most common primary malignant neoplasm of Central Nervous Sys-
tem (CNS), accounting for half of them and the one with the worst
prognosis.”*

Differentiation between GBM and SBM is still one of the challenges
in neuroradiology. Classically, some imaging features like location in
the gray-white matter junction, noninfiltrating appearance, and previ-
ous malignancy help distinguish SBM from GBM.2 However, conven-
tional MRI alone classifies incorrectly up to 40% of the cases.” The
inclusion of perfusion MRI information provides discriminating fea-
tures that could support the differentiation between the aforemen-
tioned pathologies.6~8

Although both types of lesions show a perilesional hyperintensity
on T2-WI corresponding to peritumoral edema, the edema of SBM
is of vasogenic origin, whereas GBM edema is infiltrative and con-
tains tumor cells and abnormal vascularization.” On these grounds,
Lemercier et al.® defined the concept of apparent diffusion coefficient
gradient in peritumoral edema of GBM. In their work, they confirm that
there are differences in the diffusivity between the edema of the region
closest to the tumor and the edema closest to the normal white matter.

Following the idea of peritumoral gradients, we hypothesize that
there will be also a perfusion gradient in the GBM edema and it will be
higher than the SBM edema.

METHODS

The institutional review board approved this single-center retrospec-
tive study with data acquired between January 2014 and September
2016.

Subjects

MRI examinations of 13 patients with pathologically proven SBM
and 11 with GBM were obtained from our medical records to con-
duct this study. All patients were imaged, treated, and followed in
our institution. All tumor diagnoses had been histologically verified
according to the 2016 World Health Organization classification of CNS
tumors.

MRI image acquisition and data processing

All MRI scans were performed with our institution solitary brain lesion
protocol with either 1.5T or a 3T (Signa HDxt 1.5 or 3 T, GE Health-
care, Waukesha, WI, USA) MRI system with a standard head coil.
The brain MR protocol includes sagittal T1-weighted images, axial T2-
weighted images, coronal fluid-attenuated inversion recovery (FLAIR)
images, axial T2*-weighted gradient-recalled echo images, axial DW
images, axial contrast-enhanced 3D T1-weighted images, and axial
dynamic susceptibility contrast T2*-weighted gradient-echo perfusion
images (DSC-PWI). The DSC-PWI sequence study was performed

during the injection of gadolinium-based contrast agent (Multihance,
Bracco, Italy). A bolus injection of 0.1 mmol/kg contrast agent was
administered at 5 ml/s using a power injector (no prebolus adminis-
tration). Saline was administered after the bolus injection. The study
was acquired with the following parameters: 2000/25 ms Repetition
Time/Echo Time; 128x128 matrix (1.8x1.8 mm in-plane resolution); 7
mm slice thickness; 60° flip angle; 14 cm full coverage cranio-caudal
(20 slices); and 40 sequential temporally equidistant volumes each one
with an acquisition time of 2 s. The baseline before injection of the

bolus was five dynamics.

Image processing

The study was performed according to four main steps: (1) MRI pro-
cessing, (2) quantification of DSC perfusion, (3) definition of three con-
centric areas of the edema, and finally (4) the comparison of perfusion
parameters at each concentric area.

The first step included the preprocessing of the morphologic images
(pre and postgadolinium T1-weighted, T2-weighted, and FLAIR) and
the DSC perfusion sequence. Regarding the morphologic images, we
applied a noise reduction with adaptive nonlocal means?© (search win-
dow of 7x7x7 pixels and patch window of 3x3x3 pixels), inhomo-
geneity correction with N4 algorithm®? (100x100x100x0 iterations
per scale), affine registration of all MR images to the postgadolin-
jum T1 using ANTs software!?13 (using mutual information metric
and cubic Bsplines interpolation parameters), manual skull-stripping,
and intensity normalization in the [0,255] range. As for DSC perfusion
sequences, we applied the preprocessing algorithms of inhomogene-
ity correction with N4 (using a common bias field for all the images
within the sequence), motion correction with ANTs software (consid-
ering rigid registration), registration of the first dynamic of the DSC
sequence to the postgadolinium T1, and application of the transfor-
mation map to the rest of dynamics of the sequence, skull-stripping
based on the mask defined for the morphological sequence, and tempo-
ral noise filtering using principal component analysis ensuring the 99%
of variance and at least four components.

Second, concerning the DSC quantification, the arterial input func-
tion has been manually defined in the anterior cerebral artery of the
unaffected contralateral hemisphere. The DSC quantification included
both the monocompartmental' and the pharmacokinetic models.*>16
As regards to the monocompartmental model, a correction of the
extravasation was done using the Boxerman algorithm®” and a non-
linear fitting of the concentration-time curves to a Gamma variate
function. The monocompartmental quantification was based on the
numeric integration of the Gamma corrected curves, while the quan-
tification of the pharmacokinetic model was based on the nonlinear
least squares fit to the Tofts standard model. All the quantification
maps obtained were normalized to the unaffected contralateral white-
matter tissue.

Third, we have analyzed the cerebral blood volume (CBV),
cerebral blood flow (CBF), and mean transit time (MTT) from the
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FIGURE 1

monocompartmental model and the capillary permeability constant
(Ktrans), the volume fraction of the interstitial space (ve), and the
extraction coefficient or washing coefficient (Kep) from the phar-
macokinetic model. All perfusion parameters have been normalized
against the contralateral white matter not affected by the lesion.

Following the methodology used by Lemercier et al.> different
regions of interest (ROls) in the edema area were manually marked out.
As regards edema, it was defined as the region external to the tumor
with uptake present in the fast spoiled gradient-echo sequence, hyper-
intensity pattern in the T2 sequence, and hypointensity shown in the
CBV map. Three ROIs with approximate widths of 3 mm were delim-
ited concentric and adjacent to the enhancing tumor (Figure 1). They
were demarcated over the postgadolinium T1-weighted image, taking,
also, into consideration the CBV map in order to avoid image registra-
tion problems. Hence, the ROls were defined as:

* ROI1 (red) encompasses the peritumoral area of edema that is com-
pletely adjacent to the tumor

* ROI2 (green) represents a zone of edema at a distance of 3-6 mm
from the viable tumor

* ROI3 (yellow) represents the region at a distance of 6-9 mm from

the enhanced tumor and closely to white matter (Figure 2)

Once the ROIs were defined, the median and median absolute devi-
ation (MAD) values of the perfusion parameters of each ROl’s pixels
were calculated. These values represent the vascularity of the patients’
edema at different distances from the enhanced tumor. Median and
MAD have been selected because they are robust statistics of the cen-

tral tendency of the distributions.

Definition of the three regions of interest (ROls) on the edema in a patient with solitary brain metastasis. (A) Postprocessing axial
image of targeted temperature management with the concentric ROls. (B) Fast spoiled gradient-echo enhanced Gd. (C) T2-weighted echo-planar
imaging

Statistical analysis

Analysis of the differences in the three ROIs for the
two types of tumors (GMB and SBM)

As the measurements in the three ROIls are from the same patient,
an analysis of the differences was performed with a linear model
with repeated measures. The between-subject factor is the type
(GBM/SBM) and the within-subject factor is the ROI. According to
the nature of the data, it is not necessary to resort to a nonpara-
metric method. In order to determine which of the six observed vari-
ables best show the differences between the two types of metasta-
sis and the three ROls, a univariate approach has been used. Since
sphericity cannot be assumed in all cases, the Greenhouse-Geisser
correction has been used in repeated measures analysis. As the ROls
have the same distance, a test has been used to contrast the lin-
earity or the quadratic effect of the distance on each of the six
variables.

A classification model has been constructed using the discriminant
analysis technique. The measurements of the six parameters in each
of the three ROIs for each individual (18 variables in total per patient)

have been used as variables in the discriminant analysis.

RESULTS

The demographic data of the included patients are shown in Table 1.
It can be observed that most of the perfusion parameters (rCBYV,

rCBF, rKtrans, and rve) clearly demonstrate higher gradient for GBM
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FIGURE 2

TABLE 1 Demographic data of the included patients

GBM (n=13) SBM (n=11)
Age, mean (IQR) years 63.2(14) 61.5(10)
Gender (F:M ratio) 5:8 3:10
Primary tumor, n (%)
Breast - 1(7.7)
Colorectal - 3(23.1)
Lung - 9(69.2)

Abbreviations: F, female; GBM, glioblastoma multiforme; IQR, interquartile
range; M, male; n, number of patients; SBM, solitary brain metastasis.

than for SBM. This differentiation can be graphically observed in
Figures 3 and 4 for monocompartimental and pharmacokinetic param-
eters, respectively. In other words, areas labeled ROI1 in GBM have
higher levels of vascularity than areas labeled ROI2 or ROI3, whereas
there are no substantial spatial variations in the peritumoral region in
SBM cases.

The results of the statistics and p-values obtained for the type of
tumor (GBM and SBM), the ROI, and the interaction between both fac-
tors are shown in Table 2.

Examples of the regions of interest (ROls) defined for four different cases: RO1 (red) encompasses the peritumoral area of edema
completely adjacent to the tumor. ROI2 (green) represents a zone of edema located from 3 to 6 mm from the viable tumor. ROI3 (yellow)
represents the edema located from 6 to 9 mm area farthest from the enhanced tumor and close to the white matter

In all variables, significant differences are observed in the levels
measured in the three ROIs. The variables CBV, CBF, Ktrans, and rve
have a similar behavior for each type of tumor, as there is an interac-
tion between the ROl and the type of injury with this behavior: in GBM,
there always are significantly higher, more pronounced values, and
quadratic decrease with distance, while in SBM, significantly lower val-
ues and less decrease with distance are observed. In the rKep parame-
ter, the differences between ROIs have the same tendency in the two
types (no interaction is observed). On the other hand, MTT variable
presents a different behavior from the rest of the variables: the dif-
ferences between types are not significant, although they are signifi-
cant for ROls, although to a much lesser degree (without interaction
between the two factors). In addition, the trend is increasing with dis-
tance and linear.

Classification using all variables shows a worse classification capac-
ity than if you select variables using a stepwise process. In this process,
only the variable rKep from ROI_1 remains as a variable in the discrim-
inant function.

For this parameter, the ROC curve has been used to find a thresh-
old to classify between GBM and SBM. The optimal point has been
determined using Youden’s criteria. The value obtained is rKep =
0.9628, which provides a sensitivity of 0.923 and a specificity of
0.8460, with an area under the curve of 0.876 (Figure 5).
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FIGURE 3 Plotof the relative cerebral blood volume (rCBV) (A), relative cerebral blood flow (rCBF) (B), and relative mean transit time (rMTT)
(C) perfusion values (median+/-mean absolute deviaton) in each region of interest (ROI), for solitary brain metastasis (SBM) (blue line) and

glioblastoma (GBM) (red line)
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FIGURE 4 Plot of the capillary permeability constant (Ktrans) (A), relative extraction coefficient (rKep) (B), and relative volume fraction of the
interstitial space (rve) (C) perfusion values (median+/-mean absolute deviation) in each region of interest (ROI), for solitary brain metastasis (SBM)

(blue line) and glioblastoma (GBM) (red line)

DISCUSSION

In this study, we compared the perfusion gradient of GBM and SBM
using a regional segmentation method and investigated the infiltration
behavior of GBM as potential justification of our results.
Differentiation between GBM and SBM remains a challenge in neu-
roradiology with up to 40% of the cases to be incorrectly classified
using only conventional MRI.> The inclusion of perfusion MRI param-
eters provides characteristic features that could support the distinc-
tion of these pathological entities. This differentiation between GBM
and SBM has been previously studied by characterizing the lesions and

n5,18,19

the peritumoral edema. Specifically, differences in diffusio and

20-23

perfusion of the edema have been previously observed. Regard-

ing perfusion, Lehmann et al.22 showed that perfusion parameters (e.g.,

rCBV) associated with morphological MR parameters can help in the
differentiation of GBM from cerebral metastasis. As for the tumor
itself, the efforts have been directed toward cerebral perfusion,’81416
diffusion,2#2° or their combination.®

It is well known that GBM tumor cells are not confined to the
enhancing tumor and conventional MRI fails to delineate the whole
tumor extension. This is because peritumoral edema also contains
tumor cells and high vascularization due to tumor angiogenesis. Our
results are consistent with other imaging papers in which other perfu-
sion sequences are evaluated.®81¢ Specifically, Sunwoo et al.” showed
that, using arterial spin labeling MRI, perfusion parameters, such as
CBF, were significantly higher in the peritumoral region of GBM
compared to brain metastasis (p<0.001) with an area under the curve
of 0.835.
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TABLE 2 Effects of differences between GBM/SBM, between the
three ROls, and that of their interaction using the values of the six
parameters studied for each ROI

F p-value
Type of tumor(GBM/SBM) cBvV 6.285 0.019
CBF 6.772 0.016
MTT 1.729 0.201
KTrans 5.626 0.026
rKep 12.728 0.002
rve 4.547 0.043
ROI CBV 3246 0.000
CBF 24.98 0.000
MTT 5.021 0.011
KTrans 26.574 0.000
rKep 21.28 0.000
rve 26.95 0.000
ROI x Type CcBvV 14.51 0.000
CBF 11.52 0.000
MTT 1.93 0.157
KTrans 14.62 0.000
rKep 2.09 0.140
rve 10.51 0.002

Abbreviations: CBF, cerebral blood flow; CBV, cerebral blood volume; GBM,
glioblastoma multiforme; Ktrans, capillary permeability constant; MTT,
mean transit time; rKep, relative extraction coefficient constant; RO, region
of interest; rve, relative volume fraction; SBM, solitary brain metastasis.

10
°

Optimal threshold = 0.9628

02

0,0 ! L : .
0,0 0,2 04 0,6 08 10

1-Specificity

FIGURE 5 Receiver operating characteristic curve and optimal
threshold calculated with Youden J statistic for relative extraction
coefficient

Regarding SBM, the perfusion parameters (except rKep and MTT)
exhibit smaller gradients than GBM between its edema and the nor-
mal appearing white matter due to edema’s vasogenic origin. However,
GBM demonstrates higher heterogeneity in the peritumoral edema
and most of the perfusion parameters (except rKep and MTT) show
higher gradients in the area closest to the enhancing tumor. The con-
cept of perfusion gradient in peritumoral edema has also been devel-
oped by Lin et al.2¢ from a similar perspective. In their study, using Mag-
netic Resonance spin labeling, CBV and CBF present a gradient as we
move away from GBM that does not exist in SBM. These data support
our results. This behavior in GBM is expected due to the infiltration gra-

dient observed in histological images of the tumor?2”

and agrees with
the results in previous studies indicating the existence of differences in
GBM edema as a function of proximity to the lesion.

The vascular gradient also allows discrimination of patients with pri-
mary or metastatic GBM showing 96.28% of sensitivity and 15.40% of
specificity. However, this finding is still limited by the number of cases
and methodology used in this study.

This study confirms, with its limitations, that DSC perfusion MRI
models can provide useful information not only for diagnosis, but also
for planning surgical or radiotherapy treatments delineating the real
extension of the tumor.

It is necessary to consider that the correct evaluation of the vas-
cularity gradient requires assessing the gradient with respect to the
remoteness from the tumor. That is, the width of each of the ROls must
consider the speed with which vascular enhancement gradually disap-
pears to avoid the accumulation of the most part of the gradientin ROI1
and not its homogeneous distribution.

It is worth noticing that the delineation of the ROIs on edema was
performed mainly on the T2* perfusion sequence, aided by the T2
sequence and the anatomic T1 sequence after administration of con-
trast agent. If the aforementioned ROIs had been defined solely on
the anatomical T2 sequence, the errors of registration between the
MR sequences would have easily masked the vascular behavior, due to
the inclusion of gray matter, white matter, or cerebrospinal fluid in the
regions.

DSC perfusion MRI models can provide useful information for the
differentiation between GBM and SBM. GBM demonstrates higher
heterogeneity in the peritumoral edema and most of the perfusion
parameters demonstrate higher gradients in the area closest to the
enhancing tumor. Our results show that there is a difference in the per-
fusion parameters of the edema between SBM and GBM demonstrat-
ing avascularization gradient. This could help not only for the diagnosis,
but also for planning surgical or radiotherapy treatments delineating

the real extension of the tumor.
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