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Purpose: Oxygen extraction fraction (OEF) can be a factor to identify brain tissue’s disability in epileptic patients.
This study aimed to assess the OEF’s level measurement in refractory epileptic patients (REPs) using a quanti-
tative susceptibility mapping (QSM) method and to determine whether the OEF parameters change.

Methods: QSM-OEF maps of 26 REPs and 16 healthy subjects were acquired using 3T MRI with a 64-channel coil.
Eighteen regions-of-interest (ROIs) were chosen around the cortex in one appropriate slice of the brain and the
mean QSM-OEF for each ROI was obtained. The correlations of QSM-OEF among different clinical characteristics
of the disease, as well as between the patients and normal subjects, were also investigated.

Results: QSM-OEF was shown to be significantly higher in REPs (44.9 £ 5.8) than that in HS (41.9 £ 6.2) (p <
0.05). Mean QSM-OEF was statistically lower in the ipsilateral side (44.5 + 6.6) compared to the contralateral
side (46.4 + 6.8) (P < 0.01). QSM-OEF was illustrated to have a strong positive correlation with the attack
duration (r = 0.6), and a moderate negative correlation with the attack frequency (r = —0.3). Using an optimized
support vector machine algorithm, we could predict the disease in subjects having abnormal OEF values in the
brain-selected-ROIs with sensitivity, specificity, AUC, and the precision of 0.96, 1, 0.98, and 1, respectively.
Conclusions: The results of this study revealed that QSM-OEF of the REPs’ brain is higher than that of HS, which
indicates that QSM-OEF is associated with disease activity.

1. Introduction

Epilepsy is defined to be seized or attacked and arises from disorders
related to the central nervous system as well as disturbed nerve cell
function [1]. According to WHO statistics in 2018, nearly 65 million
people in the world suffer from epilepsy [2]. At least two motiveless
seizures are required for the epilepsy diagnosis. Several factors, such as
head injuries, hypoxia during birth, brain tumors, and infections, lead to
symptomatic epilepsies [3]. Hippocampal sclerosis is the most prevalent
pathological magnetic resonance imaging (MRI) finding among re-
fractory epileptic patients (REPs) candidates for anterior temporal lo-
bectomy. Other pathological MRI findings include focal cortical
dysplasia (FCD), vascular malformations, and post-infection. However, a

significant epileptic population involves normal MRI findings that
complicate recognizing the epileptogenic zone [4]. Therefore, other
methods than conventional MRI analysis are required to assess brain
changes in epileptic patients. Vikram et al. [5] have reviewed the state-
of-the-art progressions in assortment algorithms to find seizure phases,
seizure sensing, signal processing, and frequency-domain analysis, as
well as the essentials for brain stimulation methods. To describe the
status of oxygen alterations at the veins, knowing the two prime factors
is necessary: oxygen supply (depending on hemoglobin accessibility)
and oxygen extraction fraction (OEF) (which depends mainly on the
metabolic rate of the neurons [6]).

OEF is defined as the ratio of the oxygen supplied through blood flow
and the oxygen demand of brain tissue, a high function of physiological
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factors [7]. Although the relationships between oxygen metabolism and
seizure patterns have not been well established, intense neuronal firing
during epileptic seizures followed by enhanced energy consumption has
been studied by electrophysiological recordings [8]. Farrell et al. [9]
measured the local brain tissue oxygenation levels in rodents. The hip-
pocampal PO, levels altered between 18 and 30 mm Hg (termed nor-
moxia range) during normal behaviors. However, after succinct
neuronal stimulations, local PO, levels decreased below 10 mm Hg, in
which the severity of hypoxia was positively correlated with stimulation
duration and cerebral blood flow (CBF). It is noteworthy that PO values
of less than 10 mm Hg are considered as severely hypoxic and are
associated with the induction of hypoxia-dependent gene expression
[10].

The relationship between deficiencies in cerebral blood supply and
the oxygen metabolism is termed misery perfusion [11], which raises the
probability of stroke recurrence in patients who have major cerebral
arterial occlusive symptoms [12]. Anatomic studies following frequent
seizures have shown several alterations, including enhanced blood—-
brain barrier (BBB) permeability [13], the formation of new capillaries
[14], central inflammation [15], and neuronal loss [16]. Regarding the
aforementioned studies, we hypothesized that the disease activity
related to capillary problems and hypometabolism could increase the
OEF in the REPs when the amount of reduction in cerebral blood flow
(CBF) is more severe than the decrease of cerebral metabolic rate of
oxygen (CMRO>). Although positron emission tomography (PET) has
been introduced as the gold standard method for OEF measurements,
there are several reasons, such as high expenses, limited accessibility,
and radiation exposure [17] which prevent PET to become a standard
clinical diagnosis tool for imaging abnormal cerebral oxygen meta-
bolism in patients. To date, a few developed MRI-based approaches for
OEF measurement [18-20] have been applied to clinical cohorts.

Quantitative susceptibility mapping (QSM) is a newfound post-
processing technique that employs phase images to measure the mag-
netic susceptibility of various tissues [21]. The shape and orientation of
veins related to the main field, as well as dipolar artifacts, affect the
measured distribution of phase values. Since QSM is insensitive to these
factors, we can measure OEF’s absolute quantity through susceptibility
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of deoxyhemoglobin [dHb] in venous only through once data acquisi-
tion. Hence, an oxygen-based contrast can be provided through sus-
ceptibility maps without injection [22]. Uwano et al. [23] and Nomura
et al. [24] demonstrated a good correlation between OEF measurements
using the QSM of 7 T MRI and the gold standard '°0 PET in the iden-
tification of elevated OEF in affected hemispheres of patients with
chronic ischemia. In another study, Kakeda et al. [25] reported the
increment of QSM-OEF in the systemic lupus erythematosus (SLE) pa-
tients which might predict an increased risk of stroke in SLE.

The purposes of this study were to evaluate the QSM-OEF variations
in REPs and determine whether QSM-OEF is associated with the disease
characteristic in epileptic patients.

2. Methods
2.1. Subjects

From October 2018 to February 2020, out of all epileptic patients
admitted to the Epilepsy Clinic of Imam Khomeini Hospital (Tehran,
Iran), 26 MRI-negative REPs were selected based on ILAE definition that
specified as a failure of adequate trials of two tolerated and appropri-
ately chosen anti-epileptic drugs [26]. These subjects included 14 fe-
males and 12 males with ages ranging from 15 to 56 years (mean =+ SD;
29.31 + 8.86). Seventeen patients had focal-onset, and the rest had
generalized-onset seizures. Two blinded radiologists did not recognize
any lesions in the patient’s conventional MRI images, including T1-
MPRAGE (3D), T2-FLAIR, and T2W-FSE images. The semiology data
of the patients are demonstrated in Table 1. Furthermore, 16 age-
matched subjects, including 9 females and 7 males, with ages ranging
from 22 to 59 years (mean + SD of 31.13 + 8.45), were enrolled as
healthy subjects (HS). All HS had normal MR images without any clin-
ical history of CNS diseases, alcohol abuse, severe head trauma, or
febrile seizures. Written informed consent was obtained from all par-
ticipants to take part in the study. The experiment protocol was
approved by the Local Ethics Committee of the Tehran University of
Medical Sciences (TUMS).

Table 1
Clinical information of the non-lesional refractory epileptic patients (REPs).
No. Sex Age Age-onset Frequency
(yrs) (yrs) (month)
1 F 26 5 2
2 F 48 2 20
3 M 25 1 25
4 M 24 13 60
5 M 25 16 3
6 F 34 7 2
7 F 26 10 2
8 F 34 22 3
9 M 16 12 2
10 M 28 24 1
11 F 34 5 10
12 M 37 7 1
13 M 31 15 3
14 M 17 12 2
15 M 30 9 30
16 F 43 35 9
17 F 24 5 30
18 F 31 7 2
19 M 21 1 1
20 F 50 17 3
21 F 15 10 0.3
22 F 27 13 1
23 F 27 13 2
24 F 21 16 0.2
25 M 34 14 10
26 M 30 16 0.5

Duration of attack (min)

Seizure before MRI (day) LTM finding

50 RT mesial temporal
2 LT mesial temporal
1 Bilateral frontal

1 LT mesial temporal
23 LT temporal focal

1 RT mesial temporal
10 LT fronto- central
15 GME

22 RT mesial frontal
20 RT frontal

1 GME

20 RT temporal

1 RT temporal

1 LT fronto- central
0.8 LT frontal

2 RT frontal focal

0.5 LT frontal focal

30 RT fronto- temporal
20 RT frontal focal

20 GME

30 GTC

20 GME

60 JME

60 GTC

0.1 GME

30 GTC

RT = right, LT = left, M = male; F = female, LTM = long time monitoring, GTC = generalized tonic-clonic, GME = Generalized myoclonic epilepsy, JME = juvenile

myoclonic epilepsy
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2.2. MRI acquisition

All images were taken using a 3.0 T Siemens whole-body scanner
(Prisma, Healthcare, Germany) with a high-resolution standard trans-
mit/receive 64 channel head/neck coil. Data acquisition was performed
using a whole-brain 3D SPGR sequence with four echoes. A major factor
in selecting TE is the susceptibility of dHb. At longer TEs, phase SNR is
higher, while shorter TEs lead to less phase wrapping [21,27]. There-
fore, TE of 14 ms was considered to have less phase wrapping between
the vessels and background tissue in a 3 T scanner. The scan parameters
included: first TE = 14 ms, ATE = 7 ms, TR = 41 ms, pixel size = 0.625
x 0.625 mm?, acquisition matrix = 384 x 268 x 60, reconstruction
matrix = 384 x 384 x 60, slice thickness = 2 mm, FA = 15°, and
GRAPPA factor = 2. The level of the cerebellum to the high convexity
was set for the imaging slab. TI-MPRAGE and T2W- FSE were taken as
anatomical images.

2.3. Post-processing of OEF

To reduce the effects of blood flow inside the veins and less signal
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omission, the first echo in which flow compensation is applied in three
directions was used to create the OEF map. QSM images were generated
using the STI-Suite toolbox [28,29] in which phases are derived from
imaginary and real images to measure the magnetic field in-
homogeneity, which is subsequently inverted to assess the infra-
structural susceptibility distribution. The STI-Suite approach uses the
Laplacian method to phase unwrapping, the variable kernel sophisti-
cated harmonic artifact reduction for phase (V-SHARP) to background
removal, and iterative least-squares regression (iLSQR) to reconstruct
QSM. The magnetic susceptibilities were referenced to the average
susceptibility of the brain (0 ppm). In this work, the upper thirty QSM
images from sixty slices of source data were considered for the OEF map
generation using a method introduced by the previous article [30]
(Fig. 1). It is known that dHb is paramagnetic due to four unpaired
electrons of heme, leading to an increase in venous blood susceptibility
compared to the surrounding tissue (Fig. 1.b). Our OEF calculation
method requires the two factors of vein and tissue to calculate their
difference in a volume-of-interest (VOI) since it cannot be obtained by
pixel-wise calculations. Hence, in our study, QSM-OEF reflects oxygen-
ation within venous structures, but it might not reflect its value within

Fig. 1. Creation of Oxygen Extraction Fraction (OEF) map. a) Minimum intensity projection of SWI images [31] for a 37-year-old MRI-negative woman with re-
fractory epilepsy. b) The QSM in which bright pixels indicate the susceptibility of deoxygenated Hb. c¢) Venous mask obtained from a certain threshold (mean + 2SD).
d) QSM-OEF map generated from the venous mask using the sliding window method. QSM-OEF has been applied Gaussian smoothing filter with kernel size ¢ = 10.
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brain parenchyma like PET-OEF. Therefore, a local threshold value of
mean + 2SD was considered to segment the venous voxels (Fig. 1.c) in
each VOI of 64 x 64 x 30 voxels.

Then, susceptibility difference (Ay) between the average suscepti-
bility of veins (vein mask images) and surrounding tissues was calcu-
lated in each VOI. The following equation shows the relation between
oxygen saturation and susceptibility [20]:

Ay = Ay, x Het x (1-Y,) XPL (€8]

v

where Ay, (1.8 x 107 in CGS units) is the susceptibility difference per
unit hematocrit (Hct) between fully deoxygenated and fully oxygenated
blood. OFEF is defined as (Y, — Y,)/Yq, where Y, and Y, are arterial and
venous oxygen saturation, respectively. In normal respiratory, Y, is
nearly 100% [32], and thus, the OEF can be defined as (1 -Y,). Ac-
cording to Eq. (1), OEF is calculated using the following equation:

Ay x P,

OEF = —————
Hct x Ay,

()
The mean value in each VOI was measured as the mean OEF value of
vessels. Subsequently, using the sliding window method in X and Y di-
rections with increments of 10 mm, VOI was applied to whole images,
and OEF maps were generated on a slice-by-slice basis (Fig. 1.d). We did
not measure the actual amount of hematocrit for each patient due to the
low frequency of anemia in seizures. Therefore, we assumed the litera-
ture value of 0.42 for Hct. P, is the partial volume effects correction
factor, which has an essential effect on the contrast-to-noise ratio (CNR),
depending on the size of the vessels. According to Fig. 3.b in a previous
study [22], we calculated the value of approximately 6.0 when a voxel
ratio of 1:3 was applied, with a vessel diameter equivalent to 2 pixels.

2.4. Image analysis

Standard Statistical Parameter Mapping (SPM12) software
(Welcome Department of Imaging Neuroscience, University College
London, UK) (http://www.fil.ion.ucl.ac.uk/spm/software/spm12) was
used for linear co-registration of SWI-magnitude to Montreal Neuro-
logical Institute (MNI) space using avg152T1.nii image, in which image
series were firstly re-landmarked if the image center was far from the
origin. The default parameters for all the subjects were similar. The
resulting transform matrix was then multiplied to OEF images to bring
them into MNI space. Afterward, nonlinear co-registration of OEF maps
and standard images was performed employing advanced normalization
tools (ANTs) package [33,34].

18 spherical ROIs with a diameter of 10 mm (16 pixels) were drawn
using the Marsbar of the SPM12 toolbox. For quantitative measure-
ments, the centers of ROIs were automatically placed on a slice at the
level of centrum semiovale of registered OEF images (block-type) along
the entire parenchymal surface of the brain, without overlapping each
other (Fig. 2) using an image analysis program (ITK-SNAP, www.it
ksnap.org) [35]. The ROIs’ measurement in final QSM-OEF maps
(block-type images) was performed before applying Gaussian
smoothing.

2.5. Statistical analysis

MATLAB R2019a programming environment was used for perform-
ing statistical analyses considering P < 0.05 as a significant difference.
The REPs were classified into two groups, focal and generalized onset
seizure, based on their semiology and LTM findings. We compared the
clinical and imaging characteristics between REPs and HS, as well as
focal and generalized-onset seizure groups using the two-sample t-test.

QSM-OEF values were expressed as the mean + SD for each of the
ROIs. Differences in mean QSM-OEF values of 18 ROIs on the ipsilateral
and contralateral sides were compared for REPs and HS, as well as for
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Fig. 2. An example of the regions-of-interest (ROIs) measurement is shown.
Using the Marsbar toolbox of the SPM12, 18 spherical ROIs with a 10 mm
diameter were automatically drawn and then placed on the entire parenchymal
surface of a slice at the level of centrum semioval of the brain.

two patient groups using t-test. For generalized-onset patients and HS,
the left hemisphere was considered as the ipsilateral side.

Pearson’s correlation coefficients were calculated to examine cor-
relations between the ipsilateral QSM-OEF changes and the clinical
parameters, as well as between each ROI and all the others on both
ipsilateral and contralateral sides. The Weibull distribution density
function was fitted to investigate the skewness of the mean QSM-OEF
values of both sides for REPs and HS.

2.6. Machine learning

Machine learning has become a robust tool in the field of biomedical
imaging to perform prediction results based on clinical experimental
data. The prediction of the epileptic disease activity having the imaging
characteristics of the ROIs was performed using the support vector
machine (SVM) algorithm [36-39]. The SVM algorithm uses the training
and testing steps in which training means feeding known data to the
SVM along with previously known decision values, thus creating a finite
training set. Two types of SVM, i.e., C-SVM and 1-SVMs are the most
conventional prediction methods that can be used for classification
problems. C and n parameters in these algorithms should be selected
carefully to achieve the best results. Several optimization methods,
namely, ant colony optimization (ACO), genetic algorithm (GA), particle
swarm optimization (PSO), and differential evolution (DE), were used to
optimize the parameters of the machine. The most common criteria to
describe the performance of a diagnostic test in measuring the per-
centage of correctly identified REPs and HS are accuracy (Eq. (3)),
sensitivity (Eq. (4)), specificity (Eq. (5)), precision (Eq. (6)), and the area
under the curve (AUC).

TP + TN

A R N 3
CUTAY = TP L IN ¥ FP+ FN ®
o TP
Sensitivity = TP L EN 4)
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Fig. 3. Weibull distribution curves of mean QSM-OEF in 9 ROIs on the ipsilateral and contralateral sides for REPs (a & b) and HS (c & d), respectively.

Table 2
Comparison of the mean QSM-OEF between REPs and HS.
REPs (n = 26) HS (n = 16) P-value
Sex (female %) 14 (53%) 9 (56%) 0.7
Age (mean + SD) 29.31 + 8.86 31.13 £ 845 0.5
Age-onset (mean + SD) 11.58 + 7.02 - -
Frequency (mean + SD) 9.42 £+ 14.10 - -
Duration (mean + SD) 5.11 + 4.08 - -
Type (Focal-onset %) 17 (65%) - -
QSM-OEF in both hemispheres (mean + SD) 449 4+ 5.8 41.9 £ 6.2 0.04
Ipsilateral QSM-OEF (mean + SD) Focal 44.5 + 6.6 41.8 £ 6.7 0.01
Generalized 42.7 £9.2 >0.1
Contralateral QSM-OEF (mean + SD) Focal 46.4 + 6.8 41.2 + 5.8 0.02
Generalized 447 +£7.6 >0.1

For generalized-onset patients and HS, the left hemisphere was considered as the ipsilateral side. OEF: oxygen extraction fraction; QSM: quantitative susceptibility
mapping, n = number.
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Pearson’s correlation coefficient matrix
for generalized-onset group
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Fig. 4. Pairwise correlation coefficient matrix of 18 ROIs in both hemispheres for the generalized-onset group. There are both significant and moderate correlation
between QSM-OEF in corresponding as well as non-corresponding ROIs (P < 0.05, r = 0.6).

Pearson correlation coefficients between
ipsilateral QSM-OEF and clinical parameters

a b
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Fig. 5. Scatter plots of Pearson’s correlation coefficients between QSM-OEF and two clinical parameters (attack frequency and attack duration) for focal-onset group.
QSM-OEF had a moderate negative correlation with the attack frequency (r = —0.3) (a), as well as a strong positive correlation with the attack duration (r = 0.6) (b).
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Table 5
Performance of the C-SVM and 1-SVM machine learning methods.
Kernel type  Kernel Optimization Accuracy (C- Accuracy
parameter method SVM) (n-SVM)
Linear 0.1 ACO 92.9 92.9
GA 88.1 92.9
PSO 88.1 92.9
DE 92.9 85.7
0.5 ACO 97.6 92.9
GA 85.7 90.4
PSO 92.9 88.1
DE 85.7 85.7
1 ACO 85.7 88.1
GA 88.1 95.2
PSO 92.9 90.4
DE 88.1 92.9
Polynomial 0.1 ACO 95.2 97.6
GA 92.9 92.9
PSO 85.7 85.7
DE 95.2 92.9
0.5 ACO 95.2 97.6
GA 92.9 88.1
PSO 92.9 92.9
DE 90.4 95.2
1 ACO 92.9 92.9
GA 95.2 92.9
PSO 92.9 95.2
DE 92.9 88.1
Gaussian 0.1 ACO 92.9 97.6
GA 95.2 88.1
PSO 92.9 85.7
DE 95.2 85.7
0.5 ACO 97.6 92.9
GA 97.6 95.2
PSO 85.7 92.9
DE 88.1 90.4
1 ACO 90.4 95.2
GA 85.7 85.7
PSO 90.4 95.2
DE 92.9 92.9

SVM: support vector machine; ACO: ant colony optimization; GA: genetic al-
gorithm; PSO: particle swarm optimization; DE: differential evolution. The ac-
curacies of more than 95 are shown in bold.

QSM-OEF data of 18 spherical ROIs. This table indicates the effects of
kernel type, parameter type, and optimization method on the accuracy
of prediction. A good prediction with accuracy values near 1 can be
considered as a useful tool for physicians to reliably detect the status of
the subject in the least possible time. This could provide the physicians
with valuable information about the subjects and promote the treatment
steps. Table 5 presents that overall, the prediction accuracy of SVM is
more than 0.9, which indicates that out of 10 subjects, the epilepsy
status of at least nine subjects is anticipated correctly using machine
learning. By selecting the correct learning type, optimization type, and
kernel function, the sensitivity, specificity, AUC, and precision of pre-
dicting epileptic and healthy subjects were 0.96, 1, 0.98, and 1,
respectively, which revealed the capability of the proposed method in
detecting epileptic oxygen metabolism patterns.

4. Discussion

In the current study, we performed an MRI-based study of oxygen
metabolism measurement in an intractable epileptic population. Precise
QSM-OEF maps of epileptic patients, as well as healthy brain subjects,
were obtained using the susceptibility quantification of dHb in veins
during interictal states. The relationship between the concentration of
dHb in a vein ([dHb]), the CBF, and the cerebral metabolic rate of ox-

ygen are expressed as Eq. (7).
CMRO, = [dHb] x CBF 7

On the other hand, the relationship between [dHb] and OEF is:
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where O; is oxygen supply. Substituting Eq. (8) in Eq. (7), it is
obtained:

[dHb| = OEF x 0,

CMRO, = OEF x CBF x 0, 9

It was shown that OEF at the venule level is directly proportional to
the cerebral metabolic rate and inversely proportional to CBF. Absolute
quantification of OEF can offer a non-invasive means to investigate brain
conditions in REPs. In contrast to the previous justification of CBF and its
patterns in the epileptic brain [40-43], the related cerebral oxygen
metabolism aspects are still unclear. We compared QSM-OEF between
HS and REPs and observed a positive correlation between OEF in the
ipsilateral hemisphere and contralateral one in the epileptic group.
Since patients were MRI-negative, the ipsilateral sides were determined
based on LTM findings. In this study, OEF values were significantly
higher in REPs than those in HS, which is consistent with other OEF
measurement studies based on PET [44-47]. Elevation of OEF would
expect that the epilepsy-associated neuroinflammatory pathways are
associated with BBB dysfunction in the brain [48]. The infiltration of
peripheral immune cells across the BBB has been described in epilepsy
[49-51]. The ipsilateral hemispheres represented an increase in OEF,
whereas the contralateral hemispheres compared to the age-matched
controls represented an increase as well. These findings could be
related to the hypothesis of developing a mirror focus of seizure among
epileptic populations. On the other hand, for the REPs’ group, sides of
seizure onset were associated with significant decreases in QSM-OEF
compared with contralateral ones.

Currently, PET is considered the gold standard method for OEF
measurement. In contrast with MRI, which is widely available in most
clinical centers, OEF measurement by PET is limited, especially for REPs
whose seizures are unpredictable. Several significant problems, such as
inaccessibility, high costs of PET scanners as well as prohibition to
rescan due to using radiation exposure restrict the utility of PET.
Therefore, OEF measurement using MRI might be helpful to handle the
oxygen metabolism of epileptic patients. By comparing the previous MRI
approaches [18,19,52,53] on QSM-based methods, several advantages,
such as conventional sequence usage, short acquisition time, being not
invasive, and high sensitivity to low perfusion status are reported for the
availability of QSM in clinical studies. Nevertheless, this method pos-
sesses several disadvantages, make it dependent on the various algo-
rithms [27,29,54,55] for estimating the magnetic susceptibility of
substances. Preserving the small veins, which are necessary to calculate
accurate OEF values, distinguishes the algorithms for QSM generation.
In a 7 T MRI study, Uwano et. al. [23] showed that the QSM-OEF values
in chronic ischemia only had a slight improvement in terms of the cor-
relation coefficient and the sensitivity/specificity for PET-OEF
compared with those at 3 T reports [30]. Hence, QSM-OEF results ob-
tained from the 3 T scanner can be validated.

The brain energy demand depends on glucose and the supply of
oxygen for aerobic metabolism. In a stimulated brain zone, the adeno-
sine triphosphate (ATP) production occurs mainly in the mitochondria
of neurons through a phosphorylation process requiring oxygen. This
leads to increased CMRO; and decreased oxygen partial pressure (POy).
At the same time, some neural and glial mechanisms start to release
vasoactive substances [56,57], resulting in a two-fold increment in CBF
compared to CMROs, in the stimulated zone [58]. During minutes of
status epilepticus onset, oxygen consumption rates typically increase.
However, a predominantly increase in reactive oxygen species [ROS]
leads to decreased oxygen consumption after approximately 24 h. Then,
it returns to a normal state during the interictal period and decreases
during chronic epilepsy, which is termed hypoxia [54]. The frequent
seizures cause chronic hypoxia/hypoperfusion that could lead to dimi-
nutions in blood flow and metabolism in the epileptogenic zones. It is
believed that the epileptic focus is hypoperfused and hypometabolic
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during interictal states. Furthermore, structural changes in the brain
occur due to frequent seizure activity, and these may also be causally
related to interictal comorbidities [59].

To explain the mechanism of incremented OEF in the brain of REPs in
this study, we hypothesized that abnormal perfusion, which represents
ischemic tissue, may occur. This pathogenesis has been supported by
many previous studies that have demonstrated small vessel injury due to
vasculitis in epileptic brains [60-62]. The elevation of OEF during
interictal state can suggest that there is an imbalance between blood
flow and oxygen consumption, which might mean that reserve of oxygen
supply in CBF is not enough to provide oxygen metabolic requirements
of epileptic brain tissues. The vascular and metabolic decreases are not
proportional, which might mean that the hypoperfusion is more than
hypometabolism, leading to an increase in OEF in REPs during the
interictal state. The contralateral OEF elevation reveals that the area of
hypometabolism might be able to extend beyond the epileptogenic zone.
According to our study’s finding, it seems that one of the noxious aspects
of seizures might be vascular incompetency, which leads to hypo-
perfusion and hypoxia in seizure areas. It could suggest that there is a
potential of an imbalance between blood flow and oxygen consumption,
which means compared to hypometabolism, hypoperfusion exceeds
leading to an increment in OEF in REPs during the interictal state.
Therefore, this issue could convince neurologists that there is a rela-
tionship between epilepsy and stroke. Vascular incompetency in seizure
pathophysiology and behavioral dysfunction can suggest a new strategy
of therapy for seizure populations. On the other hand, in the ictal phase,
the increase of CBF exceeds the increase of CMRO,, leading to the
reduction in OEF. Therefore, a reduction in OEF in the ipsilateral sides
compared with contralateral sides, which is concordant with our find-
ings, could be due to the impact of some defects in mitochondria’s
function, where results in a reduction of oxygen consumption rate in
seizure zones [63]. Such findings might raise this question in mind how
much hypoxia’s intensity can explicate the adverse effects related to
seizures during the interictal state. Thus, the lack of an imaging
biomarker of disease status and other investigations about seizure-
induced vascular related dysfunction, as well as the exploration of
potentially novel treatment strategies still remain. These contents show
the importance of OEF assessment using non-invasive methods as a
clinical application to investigate the severity of disease activity in
intractable epileptic patients.

To investigate the ROIs’ connectivity, Pearson correlation coefficient
measurement was applied to data that has been averaged across voxels
within the ROIs. Averaging all the voxels in an ROI and using that in a
correlation analysis may often miss correlations because the actual part
of the region showing an interesting signal is averaged out. Therefore, it
is necessary to take into consideration the resolution of the imaging
system versus the size of the ROI in which there is no inhomogeneity
within those ROIs. Since in our study, we used nine ROIs in each
hemisphere, it was of interest to see if correlations between oxygenation
of different sites were presented. A strong positive correlation between
several ROIs on the ipsilateral side, as well as between ROIs on the
ipsilateral side and the others on the contralateral side was found for
both focal-onset (Table 4) and generalized-onset (Fig. 5) seizure groups,
demonstrating that changes in these structures tend to occur in the same
direction. Perhaps most interestingly, there was no negative correlation
between changes in ROIs on both sides. This ROI-based analysis results
may suggest that a long-range network effect might have an important
metabolic role in refractable epileptic patients.

The utility of machine learning algorithms that exploit brain imaging
data has become an interesting and practical topic for neuroimaging
studies. A classifier aims to group items that have similar feature values
into groups by making a classification decision based on the value of the
linear combination of the features. SVM is a robust classification method
based on the structural risk minimization that a model takes based on
training data to classify new unknown/known data [39]. The usage of
SVM in the field of epilepsy has been evaluated in many studies [64-67].
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Beheshti et al. [68] used the SVM to assess the proposed lateralization
framework in 27 right and 29 left MRI-negative TLE patients to show
that pattern analysis of glucose metabolic brain data can lateralize MRI-
negative TLE patients in the clinical setting with an accuracy of about
96.43%. Their results were in concordance with an experienced PET
interpreter. In another investigation, Cantor-Rivera et al. [69] proposed
a method that combined T1 images, quantitative relaxometry, and mean
diffusivity with SVM aiming to improve TLE detection. They evaluated
various classification models and reported an accuracy of 100% for the
nine left-sided seizure onset patients and 88.9% for the eight right-sided
seizure onset patients. In the present project, 18 ROIs as features were
used for the classification of participants using the machine learning
method to evaluate the capability of the QSM-OEF method in realizing
that whether a participant is truly sick or not. Due to the poor perfor-
mance of the artificial neural networks compared to other machine
learning methods [70,71], the SVM algorithm was considered. Pre-
liminary results of the SVM calculation had an accuracy of about 60%,
which was not favorable. To avoid adjusting the SVM’s parameters
manually, we used four advanced optimization methods to improve the
performance of the machine. Using these optimization methods, the
accuracy of the results increased up to 97%. That is, out of every 42
samples, only one sample was incorrectly classified. Therefore, using the
SVM method and 18 features (18 ROIs), we were able to determine if a
person suffers from epilepsy with an accuracy of more than 95%
(Table 5).

This study faced several limitations that should be considered to
explicate consequences. The most notable limitation was the lack of CBF
measurement for patients to investigate the relationships between OEF
and CMROs, in epileptic brains since the concentration of dHb in venous
is proportional to the CMRO; and inverse proportional to the CBF. The
lack of measuring Het and or Hb in patients was another deficiency as
the decay of the blood’s T1 signal depends greatly on the level of Hct. If
the Hct is high, the blood’s T1 signal decays rapidly, and CBF is less than
normal. However, if the Hct is low, the blood’s T1 signal decays very
slowly, and the CBF is higher than normal [72]. Additionally, it was
necessary to include only slices above the basal ganglia, in which the
existence of iron can adversely affect the susceptibility of voxels include
the dHb. The low spatial resolution of OEF maps due to keeping the
homogeneity was another drawback. This required the number of
venous voxels not to be too low. On the other hand, the spatial resolution
in OEF images depends on the size of VOI So, there was a trade-off
between a higher spatial resolution and the homogeneity of OEF
maps. We hope future investigations create more advanced venous
masks to overcome this limitation. Besides, although a correction factor
for partial volume effects was applied in this study, it is necessary to
improve the quantification of cerebral oxygenation by this factor in each
vessel separately [73]. The number of subjects was also limited since
most of the patients recruited to our hospital had received anti-epileptic
drugs and had brain surgery before MR imaging, whose data was not
useable in this work. Finally, measuring OEF was limited only to
spherical ROIs centered on a two-dimensional slice. Applying standard
three-dimensional ROIs [24] might result in more accurate and reliable
outcomes.

5. Conclusion

The QSM method is a feasible technique to create an OEF map. The
results of this study revealed that QSM-OEF of the REPs’ brain is higher
than that of HS, which indicates that QSM-OEF is associated with disease
activity. The OEF elevation represents the reactive changes of the small
vessels that may occur as a result of the neuroinflammatory activity.
This consequence offers new insights into the characterization of he-
modynamic deficiency and physiology of the refractory epileptic brain.
An increment in OEF may provide an opportunity to convince the
medical community that epilepsy is not only an electrical disorder but
could also be a vascular-based (physiological and metabolic) disorder.
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This means that hypoxic attacks could result in seizures. Seizures initiate
a cascade of events that result in vasoconstriction, leading to hypo-
perfusion/hypoxia with its own set of neurologic consequences.
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