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Abstract

Background: The proper identification of an epileptic focus is a pivotal diagnostic issue; particularly in non-lesional
focal impaired awareness epilepsy (FIAE). Seizures are usually accompanied by alterations of regional cerebral blood
flow (rCBF) and metabolism. Arterial spin labeling-MRI (ASL-MRI) and proton magnetic resonance spectroscopy (1H-
MRS) are MRI techniques that can, non-invasively, define the regions of cerebral perfusion and metabolic changes,
respectively. The aim of the current study was to recognize the epileptogenic zone in patients with non-lesional
FIAE by evaluating the interictal changes in rCBF and cerebral metabolic alterations, using PASL-MRI and TH-MRS.

Results: For identification of the epileptogenic zone, increased ASLAI% assessed by PASL-MRI (at a cut-off value 2
5.96%) showed 95.78% accuracy, and increased %AF (at a cut-off value = 9.98%) showed 98.14% accuracy, while
decreased NAA/(Cho + Cr) ratio estimated by multi-voxels (MV) TH-MRS (at a cut-off value 2 0.59) showed 97.74%
accuracy. Moreover, the combined use of PASL-MRI and MV TH-MRS yielded 100% sensitivity, 98.45% specificity and
98.86% accuracy.

Conclusion: The combined use of PASL-MRI and MV 1H-MRS can be considered as in-vivo proficient bio-marker for

proper identification of epileptogenic zone in patients with non-lesional FIAE.
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Background

Epilepsy is one of the most common chronic neuro-
logical disorders, in which brain activity becomes abnor-
mal, causing recurrent seizures or episodes of unusual
behaviour, sensations and sometimes loss of awareness
[1]. It has an estimated prevalence of about 5-15 per
1000 of people world-wide [2]. The most common type
(60%) of seizures are convulsive; one-third of them be-
gins as generalized seizures from the start affecting both
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cerebral hemispheres, while two-thirds begin as focal sei-
zures, that may then progress to generalized seizures.
The remaining 40% of seizures is non-convulsive [3].

The focal or localization-related epilepsy, previously
been referred to as partial epilepsy, may be due to lesion
or non-lesion. In the non-lesional type, the lesion may
not exist or may exist, but subtle and not easily differen-
tiated from the surrounding normal brain tissue by
standard imaging techniques [4]. Identification of a po-
tential focal epileptogenic zone in such patients presents
a major challenge as it is a crucial first step in the man-
agement of pharmaco-resistant seizures [5].
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Imaging plays a pivotal role in the identification of the
irritative zone, which is defined as a part of the cortex
that creates inter-ictal spikes and provides a sign of the
location of epileptogenic zone [6]. Although there is no
worldwide standard imaging protocol for epilepsy among
different centres, the main neuroimaging modality is
magnetic resonance imaging (MRI) [7]. In non-lesion
epilepsy, there are continuing imaging-based research
avenues aiming at recognition of the epileptogenic zone
[6], which is usually missed by routine MRI [8].

Seizure attack has become widely advocated [9]. The
radionuclides techniques including single photon emis-
sion computed tomography (SPECT) and positron emis-
sion tomography (PET) were employed to detect these
changes [9]. However, these techniques have been dis-
couraged as they are expensive, need exposure to radi-
ation and utilize radioactive contrast agents [10].

Arterial spin labelling-MRI (ASL-MRI) is a non-
invasive perfusion-weighted MRI technique that utilizes
magnetically labelled protons from arterial blood-water,
which serve as an endogenous diffusible tracer [11]. The
automated subtraction of labelled and control images
creates a coloured regional cerebral blood flow (rCBF)
maps and facilitates the evaluation of the cerebral perfu-
sion changes in a non-invasive manner [12]. Moreover,
proton magnetic resonance spectroscopy (1H-MRS) is a
non-invasive technique that defines the regions of meta-
bolic changes. It can precisely lateralize epileptogenic
zone [13].

The aim of this study was to investigate the capability
of in-vivo identification of epileptogenic zone in patients
with non-lesional focal impaired awareness epilepsy
(FIAE) by evaluation of the inter-ictal changes in the
rCBF and cerebral metabolic alterations of the irritative
zone, via using the ASL-MRI and the multi-voxel 1H-
MRS imaging tools of the brain.

Methods
Study participants
This prospective study was carried out in the period
from October 2016 to October 2018 and included a total
of 26 consecutive epileptic patients. They were referred
from the Neurology Department to the Radiodiagnosis
and Medical Imaging Department in our institution, for
brain imaging purposes as a part of their diagnostic work
up. They were 14 females and 12 males with their ages
ranged from 16 to 57 years and a mean of 26.56 years.
They were all clinically diagnosed to have FIAE accord-
ing to the recent International League Against Epilepsy
(ILAE) Classification in 2017 [14]. The conventional
brain MRI of all included patients revealed no lesional
findings detected (MRI-negative).

In addition to the standard exclusion criteria for MRI
investigations, all patients with drug-induced epilepsy,
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metabolic illnesses known to affect the cerebral metabol-
ite concentration ratios such as diabetes mellitus, which
increases the cerebral myo-inositol level with elevated
myo-inositol/creatine (MI/Cr) ratio [15], co-morbid
neurologic disorders, previous brain surgery, head
trauma or other relevant pathologies (such as stroke,
psychiatric illness and mental disorders) and brain MRI-
positive results (including abnormal hippocampal size,
increased T2-weighted image or apparent diffusion coef-
ficient (ADC) signal intensity related to hippocampal at-
rophy or mesial temporal sclerosis and space occupying
lesions) were excluded from the study. Furthermore, all
included patients were not-medicated during the last 3
months prior to imaging studies. All procedures per-
formed in the current study, involving human partici-
pants, were in accordance with the ethical standards of
the institutional research committee and with the 1964
Helsinki declaration and its later amendments. More-
over, the study in hand was approved by the Ethical Re-
search Committee (ERC) of our institution and an
official permission to carry out the study was obtained
from the responsible authorities. Additionally, all poten-
tial hazards were explained to the participants and their
families, and all participants gave their written informed
consent before the start of the study.
All study participants were subjected to the following:

(A) History taking and clinical examination, including
the age at onset of epilepsy, frequency of seizures
per month, detailed description of ictal semiology
with emphasis on the initial ictal manifestations, the
pattern of seizure evolution and the associated ictal
phenomena. The data were obtained from the
patient and/or an eyewitness.

(B) Electroencephalography

The ictal video-EEG monitoring and inter-ictal scalp
EEG studies were performed to localize the epilepto-
genic focus, via using a wireless 64-channel Nihon-
Kohden Neurofax and Medtronic-Dantic PL-270 EEG
machines with an EEG cap, utilizing the international
10-20 electrode placement system [16]. All neurological
and electro-clinical interpretations were carried out by a
well-experienced neurologist (AA) with 24 years of ex-
perience in the field of epilepsy.

(C) The MRI protocol

All MRI sequences, including pulsed ASL-MRI (PASL-
MRI) and two-dimensional (2D) MV 1H-MRS tech-
niques, were performed via using 1.5-Tesla MR unit
(Signa Horizon SR 120; General Electric Medical Sys-
tems, Milwaukee, WI, USA) with 8-channel head coil,
utilizing the commercially available corresponding
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software (Functool, HD version 15.0 M4A, GE Health-
care Medical Systems, Milwaukee, W1, USA).

I Structural MRI protocol

Inter-ictal structural MRI protocol was achieved
through using the sequences and parameters, which
were mentioned in Table 1.

II. Pulsed ASL-MRI protocol

The 2D navigator-gated flow-alternating inversion re-
covery (FAIR) technique with repeated radiofrequency
(RF) pulses and proper identification of the bolus length
was used to obtain PASL-MRI in axial plane. An echo-
planer imaging (EPI) sequence was used to gain a series
of 50 paired labels/control PASL images, wherein blood
was alternately tagged and untagged, via using single
subtraction technique with the following parameters:
field of view (FOV) = 24 x 24 square centimetres (cm?);
matrix = 64 x 64; repetition time/echo time (TR/TE) =
4225/10 ms; flip angel (FA) = 180° number of excita-
tions (NEX) = 3; readout = 8 arms x 512 samples; the
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500 Hz. The pulse labelling plane was placed just below
the volume of interest, and the images were obtained by
using labelling duration of 700-1500 ms, labelling thick-
ness of 100 mm (with no inter-slice gap) and post-
labelling delay (PLD) inversion time (TI) of 1500—2500
ms. The total acquisition time was 4 minutes and 22 s.

The perfusion coloured maps of rCBF were automatic-
ally generated and superimposed on the 3D-FLAIR im-
ages to create multiplanar reconstruction images. The
obtained data by PASL-MRI were analysed both qualita-
tively (by visual-based analysis) and quantitatively.

The qualitative visual-based analysis was interpreted
with a colour scale ranging from blue (cool) to red
(warm) colours. The area of abnormal perfusion, relative
to the gray matter of the corresponding contralateral
hemisphere and the remaining brain regions, was con-
sidered as an epileptogenic zone. Abnormal perfusion
was either hypo-perfusion (with decreased rCBF) or
hyper-perfusion (with increased rCBF) [17].

Additionally, quantitative analysis was achieved using
the workstation analysis package with commercially
available software, where 3 regions of interest (ROIs)
measured about 1.5 x 1.5 x 1 cm” were manually allo-

voxel size = 3 x 3 x 5 mm? and bandwidth (BW) = 62, cated in the region with maximum perfusion
Table 1 Parameters of the used MRI sequences of the studied patients (n = 26)
MRI T1WTSE T2WTSE FLAIR PDWTSE T2*W-GRE DWI and Volumetric 3D
sequences ADC SPGR T1WI
Type of scan TSE TSE IR-TSE TSE GRE SENSE-SSh- 3D SPGR
EPI + SPAIR
Imaging plane  Axial, sagittal ~ axial, sagittal and axial, sagittal and axial, sagittal and Axial and Axial Axial, sagittal
and coronal oblique coronal oblique coronal oblique coronal oblique and coronal
coronal
TR/TE (msec.) 400-460/4.6-  3000/80 11000/120 2000/20 3500/30 12000/82 4264/70
10
Tl (msec.) - - 2300 - - - -
NEX 2 3 1 1 2 2 1
FOV (mm>) 200 x 230 x 220 x 220 x 150 220 x 220 x 150 220 x 220 x 150 220 x 220 % 220 x 220 x 240 x 240 x 150
150 150 150
ST (mm) 3 3 2 2 2 1 15
Flip angle (°) 20 20 90 90 90 90 90
b value (s/ 0 0 0 0 0 100-1000 0
mm?)
Intersection 0 0 0 0 0 0 0
gap (mm)
Matrix 320 x 320 320 x 320 320 x 320 320 x 320 256 x 256 256 x 256 256 x 256
Acquired voxel 100X 1.26 X  1.00 X 142 x 3.0 0.75x 081 x5 0.75x 081 x 5 09 x 152 x 149 x 150 0.75x081 x5
size (mm?) 30 50 X 30
Scan time 5-6 6-7 6-7 6-7 6-7 6-7 6-7

(min)

TIW T1-weighted, T2W T2-weighted, TSE turbo spin-echo, min minutes, TTWTSE T1-weighted turbo spin-echo, T2WFSE T2-weighted fast spin-echo, FLAIR fluid
attenuation inversion recovery, IR-TSE inversion recovery-turbo spin echo, PDWTSE proton density-weighted turbo spin echo, 3D SPGR T1WI three-dimensional
spoiled gradient echo T1WI, T2*-GRE T2*-weighted gradient recalled echo, DWI diffusion-weighted image, SENSE-SSh-EPI sensitivity encoding single shot-echo
planar imaging, STIR short tau inversion recovery, TR/TE repetition time/echo time, mm® cubic millimetres, msec milliseconds, NEX number of excitations, FOV field
of view, (°) degrees, s/mm? seconds/square millimetres, mm millimetres, min minutes, ST slice thickness
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abnormality, which was considered as an epileptogenic
zone, and similar ROIs were symmetrically placed in the
corresponding contra-lateral region. The rCBF was esti-
mated in millilitre per 100 g of brain tissue per minute
(ml/100 g/min), in all selected ROIs with calculation of
arterial spin-labelled asymmetry index percent; ASLAI
(%) according to the following equation [18]:

2 x (Ipsilateral — Contralateral)

ASLAI =
S (%) Ipsilateral 4+ Contralateral

x 100%

[II. The MV 1H-MRS protocol

In all studied patients, the MV 1H-MRS was achieved
via using SE mode with 2D spin-echo point-resolved
spectroscopy sequence (PRESS) technique with two-
phase encoding gradients. The MRS scan was initiated if
the line width reported by the pre-scan process was less
than 8 Hz and the following parameters were used: TR
= 1700 ms; long TE of 144 ms and additional short TE
of 35 ms was added to detect signals from myo-inositol
(MI) and the sum of glutamate and glutamine (Glu +
Gln = Glx) metabolite peaks; FOV = 24 x 24 cm?, phase
encoding matrix = 18 x 18, ST = 1.5 c¢m, spectral width
of 2500 Hz and data points of 2048 with the total acqui-
sition time was 10 min and 54 s.

At the voxel level, shimming was initially achieved
automatically then manually on the water resonance and
the spectra were obtained with optimal water resonance
suppression via using chemical shift-selective suppres-
sion (CHESS) pulses, while lipid resonance suppression
was achieved by using a section-selective inversion pulse
(SSIP), with an TI = 305 ms. The obtained spectra were
displayed as grids of localized voxels of interest (VOlIs)
with nominal size of 80 x 80 x 15 mm?®, which were
overlaid on the conventional MR images (T2WI or FLAI
R sequences in sagittal, axial, and coronal orientations,
which were covering the whole brain). The VOIs were
bilaterally distributed in regions of abnormal perfusion,
which were visually identified by PASL-MRI, as well as
in their corresponding areas on the contra-lateral hemi-
spheres for comparison, in addition to the thalamus,
basal ganglia and cerebellum, bilaterally.

The off-line spectral post-processing was carried out
by using the workstation spectroscopic analysis package
with commercially available software. The main metab-
olite resonances were limited to 2.02 ppm for N-acety-
laspartate (NAA), 3.02 ppm for creatine (Cr), 3.20 ppm
for choline (Cho), 2.4 ppm for Glx, 1.3-1.4 ppm for lac-
tate (Lac) doublet and 3.56 ppm for MI. As a result of
difficulties in the calculation of the absolute metabolite
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concentrations; their relative concentration ratios were
quantitatively assessed by using the method of relative
quantification. The relative concentrations ratios of
NAA/Cr, NAA/Cho, NAA/(Cho + Cr), MI/NAA, GIx/
NAA and GIx/Cr ratios were taken as analysis indices.
They were bilaterally measured in all symmetrical pairs
of selected VOIs. For each peak metabolite concentra-
tion ratio of right-left voxel pairs of each cerebral region,
the percent asymmetry factor (% AF) for lateralization
was calculated, from the following equation, where the
lateralization was always towards the side with the lower
value [19]:

2 x (Ipsilateral — Contralateral)

%AF = x 100%

Ipsilateral 4+ Contralateral

Interpretation of imaging procedures were carried out
by a team of two experienced neuro-radiologists (RE and
RM), with 18 and 8 years of experience in the field of
neuroradiology. They were blinded to the EEG results
and there was no intra-or interobserver variability as the
two neuro-radiologists, who were the authors, reviewed
the images together with consensus.

Statistical analysis

The SPSS for Windows version 20.0 software package
(SPSS Inc, Chicago, IL) was used for statistical data ana-
lysis. The P value below 0.05 (P < 0.05) was considered
statistically significant. Additionally, the receiver operat-
ing characteristic (ROC) curve analysis was used to de-
termine the optimal cut-off values and maximal area
under curve (AUC) with evaluation of the diagnostic ac-
curacy, sensitivity, specificity, positive and negative pre-
dictive values (PPV and NPV, respectively) of PASL-MRI
and MV 1H-MRS of brain in localization and
lateralization of epileptogenic zones.

Results

The current study included 26 consecutive patients with
focal impaired awareness epilepsy. The age of the stud-
ied patients ranged from 16 to 57 years with the mean
age of 26.56 + 4.64 years, while the mean age at first on-
set of epilepsy was 9.95 + 3.74 years. Results of other re-
lated clinical features were shown in Table 2.

As shown in Table 3, the visual-based analysis of
PASL-MRI demonstrated only one case, of right tem-
poral lobe epilepsy, with apparently normal perfusion
(non-localized and non-lateralized) that was considered
as a false negative result (Fig. 1). On the other hand, the
visual-based analysis of PASL-MRI revealed that in most
of the studied patients (19/26; 73.08%) the putative
zones of epileptogenic activity with abnormal perfusion
were detected in the temporal region. These epilepto-
genic zones were well-lateralized and well-localized in
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Table 2 Demographic and clinical data of the study participants
Data Patients (n = 26)
Gender Females 14 (53.85%)
Males 12 (46.15%)
Age in years Range 16-57
Mean =+ SD 26.56 + 4.64
Age at first onset of epilepsy Range 6.98-15.87
Mean = SD 995 £ 374
Family history for epilepsy Negative; n (%) 16 (61.53%)
Positive; n (%) 10 (38.47%)
Duration of epilepsy in years Range 8.56-20.75
Mean =+ SD 14.70 £ 6.58
Frequency of attacks / month Range 4.75-14.22
Mean + SD 6.50 £ 0.72
Clinical and EEG results Laterality of the epileptic activity Left sided lateralization n (%) 14 (53.84%)
Right sided lateralization n (%) 12 (46.16%)
Localization of the epileptic activity Temporal n (%) 19 (73.09%)
Extra-temporal Frontal n (%) 5(19.21%)
Parietal n (%) 1 (3.85%)
Occipital n (%) 1 (3.85%)

Statistical data were expressed as number (n), percent (%) and mean + standard deviation (SD), EEG electroencephalography

most of the studied patients (21/26; 80.77%). They ap-
peared as ipsilateral regions of abnormal perfusions, ei-
ther hypoperfusion with decreased rCBF (19/26; 73.08%)
(Fig. 2) or hyperperfusion with increased rCBF (2/26;
7.68%), which displayed cool and warm colours, respect-
ively, according to the colour scale of the coloured per-
fusion maps. However, false localization of the epileptic
zone was observed in 2 (7.68%) patients with temporal
lobe epilepsy (Figs. 3 and 4) and false lateralization was
also observed in another 2 (7.68%) patients with tem-
poral lobe epilepsy in one patient and parietal lobe epi-
lepsy in the other patient (Figs. 5 and 6). Moreover, we
assessed the diagnostic performance of the visual-based
analysis of PASL-MRI data obtained from the generated
coloured maps, and revealed sensitivity 90.48%, specifi-
city 87.10% and accuracy 88.46%.

As shown in Table 4, the mean rCBF in the zone of
epileptogenic activity was significantly lower than that of
the corresponding regions of the contralateral hemi-
sphere (P < 0.001) with the mean ASLAI% was 18.65 *
10.12%. Also, the mean rCBF of the thalamus ipsilateral
to the assumed epileptogenic zone was significantly
lower than that of the contralateral hemisphere (P =
0.023) with the mean ASLAI% was 9.23 + 1.17%. On the
other hand, we did not find significant differences in the
mean rCBF in the basal ganglia, cerebellum and appar-
ently normal brain tissue on the ipsilateral hemisphere
when compared to the corresponding regions of the
contralateral hemisphere (P = 0.183, P = 0.279, P =

0.456 and P = 0.568; respectively), with the mean ASLA
1% was 6.88 + 1.22%, 2.2 + 14% and 1.1 = 0.09%;
respectively.

As seen in Table 5, the means of NAA/Cho, NAA/Cr
and NAA/(Cho + Cr) peak ratios were significantly re-
duced (P < 0.02, P = 0.01 and P < 0.001, respectively),
while each of the MI/NAA, GIx/NAA and Glx/Cr was
significantly increased (P = 0.044, P < 0.001 and P <
0.018; respectively) in the suggested zones of epilepto-
genic activity, when compared to the corresponding re-
gions without epileptogenic activity on the contra-lateral
hemisphere. On the other hand, areas of seizure spread
on the ipsilateral side showed no significant differences
among all of the studied metabolites peak concentration
ratios when compared to their levels on the contralateral
side (P > 0.05), except MI/NAA which was significantly
decreased on the ipsilateral side (P < 0.01). Furthermore,
we observed a significant reduction in the NAA/(Cho +
Cr) (P < 0.01) and significant increase in the GIx/NAA
(P < 0.02) in the ipsilateral thalamus compared to the
contralateral thalamus in 3 (11.53%) patients, while the
same changes were detected in the contralateral thal-
amus in only one (3.85%) patient. On the other hand, we
found no significant difference in the mean metabolite
ratios in the basal ganglia and cerebellum bilaterally (P >
0.05).

Table 6 demonstrated that most of the studied patients
(25/26; 96.15%) showed significantly increased mean
%AF for all estimated peak metabolites concentration
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Table 3 Diagnostic performance of qualitative (visual) data of ASL-MRI of both cerebral hemispheres (n = 52) of the studied patients

(n = 26)
Inter-ictal visual qualitative analysis PASL-MRI results Region of abnormal Total
perfusion
Temporal Extra-
temporal
No % No % No %
Non-localization and non-lateralization 1 385% 0 0% T 385%
Well-localized and well-lateralized (21; 80.77%) Isolated ipsilateral focal hypoperfusion 14 5384% 4 1538% 18 69.22%
Isolated ipsilateral focal hyperperfusion 1 385% 1 385% 2 7.68%
Ipsilateral hypoperfusion (epileptogenic focus) with hypopefusion 0 0% 1 768% 1 385%
of the ipsilateral thalamus
False-localization (2; 7.68%) Ipsilateral focal hypoperfusion of multiple cerebral lobes of the 1 385% O 0% 1 385%
epileptogenic hemisphere including the epileptogenic irritative
zone and associated ipsilateral cerebral areas of seizure spread,
and focal hypopefusion of the ipsilateral thalamus
Ipsilateral focal hypoperfusion of multiple cerebral lobes of the 1 385% 0 0% T 385%
epileptogenic hemisphere including the epileptogenic irritative
zone and associated ipsilateral cerebral areas of seizure spread
False-lateralization (2; 7.68%) Ipsilateral hypoperfusion (epileptogenic focus) with hypopefusion 1 385% 0 0% 1T 385%
of the contra-lateral lobes and/or contra-lateral thalamus
Ipsilateral focal hypoperfusion (epileptogenic focus) with focal 0 0% 1 385% 1 385%
hypoperfusion of the corresponding contralateral homologous
(mirror focus)
Total 19 73.08% 7 2692% 26 100%
Sensitivity, specificity, PPV, NPV and accuracy of visual analysis of PASL-MRI results in the inter-ictal state
Sensitivity % Specificity % PPV % NPV % Accuracy %
9048 87.10% 82.61% 93.10% 88.46%

PASL-MRI pulsed arterial spin labelled MRI, PPV positive predictive value, NPV negative predictive value.

Fig. 1 a—n A 42-year-old male with right temporal lobe FIAE. The structural MR images, including coronal T2WI (a), axial FLAIR image (b) and axial T2*-GRE
image (c), as well as axial DWI and ADC at b value O s/mm? (d and e, respectively), all are unremarkable and negative. The visual-based analysis of the axial
cerebral PASL-MRI colour-coded cerebral perfusion maps (f and g) reveals no abnormal perfusion pattern. The MV 1H-MRS picture maps are demonstrated
in (h) (I-V1). The MRS spectra of the right (i) and left (j) temporal lobes reflect the increase in MI/NAA, GIx/NAA and GIx/Cr, as well as the decrease in NAA/
(Cho + (1) ratios in the zone of epileptogenic activity in the right temporal lobe (i) in comparison to the contra-lateral non-epileptic left temporal lobe (j),
where these ratios for right and left temporal lobes, respectively, are [NAA/(Cho + Cr) = 044 and 0.81 with %AF = 296%, MI/NAA = 0.50 and 0.38 with
%AF = 27.27%, GIx/NAA = 161 and 1.35 with %AF = 1695%, as well as GIx/Cr = 1.59 and 1.33 with %AF = 17.81%], while the MRS spectra of the right (k)
and left () thalami demonstrate a decrease in MI/NAA and NAA/(Cho + Cr), as well as increase in GIx/NAA and GIx/Cr peak concentration ratios in the
ipsilateral right thalamus (k) compared to the contra-lateral left thalamus (I) with these ratios for right and left thalami, respectively, were [NAA/(Cho + Cr) =
045 and 0.56 with %AF = 21.78%, MI/NAA = 0.20 and 0.25 with %AF = 20%, GIx/NAA = 1.35 and 1.27 with %AF = 6.11% and GIx/Cr = 1.30 and 1.25, with
%AF = 3.92%]. On the other hand, the MRS spectra of the right (m) and left (n) cerebellum, reveal trivial %AF in all concentration ratios [NAA/(Cho + Cr) =
0.76 and 0.74 with %AF = 2.66%, MI/NAA = 047 and 045 with %AF = 1.36%, GIx/NAA = 1.29 and 1.28 with %AF = 0.77% and GIx/Cr = 1.25 and 1.24 with
%AF = 0.80%)]. The clinical examinations and EEG studies confirmed our results
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and 145, with %AF of 14.81%]

Fig. 2 a-i A 33-year-old female patient of non-lesional left frontal lobe FIAE The visual-based analysis of the axial PASL-MRI colour-coded cerebral
perfusion map (a) demonstrates a focal hypoperfusion of the left frontal lobe (white arrows) and ipsilateral thalamus (yellow arrows). The
estimated rCBF for right and left frontal lobes was 76.25 and 62.67 ml/100 g/min, respectively, with the calculated ASLAI% of 14.91%. Additionally,
the estimated rCBF of the right and left thalami was 74.77 and 69.09 ml/100 g/min, respectively, with the calculated ASLAI% of 8.90%. The MV
TH-MRS picture maps of both frontal lobes and thalami, were obtained at a long TE of 144 ms (b and f, respectively) and at a short TE of 35 ms
(c and g, respectively). The MRS spectra demonstrate increased MI/NAA, GIX/NAA and GIx/Cr, as well as decreased NAA/(Cho + Cr) ratios in the
left frontal lobe (e) compared to the right frontal lobe (d), while the ipsilateral left thalamus (i), when compared to the contra-lateral right
thalamus (h), showed decreased MI/NAA and NAA/(Cho + Cr), as well as increased GIx/NAA and GIx/Cr ratios. For right and left frontal lobes,
these ratios were [NAA/(Cho + Cr) = 0.80 and 0.55 with %AF of 38.24%, MI/NAA = 0.20 and 1.27 with %AF of 14.56%, GIx/NAA = 133 and 1.58
with %AF of 17.18% and GIx/Cr = 1.30 and 1.53 with %AF of 16.25%]. These ratios for right and left thalami, respectively, are [NAA/(Cho + Cr) =
0.60 and 0.46 with %AF of 26.42%, MI/NAA = 0.38 and 0.27 with %AF of 33.85%, Glx/ NAA = 1.28 and 1.49 with %AF of 15.16% and GIx/Cr = 1.25

ratios including NAA/Cho, NAA/Cr, NAA/(Cho + Cr),
MI/NAA, GIx/NAA and GIx/Cr ratios (P < 0.001, P <
0.002, P < 0.001, P = 0.01, P = 0.02 and P = 0.03 respect-
ively). Only one case (3.85%) showed trivial and incon-
siderable %AF.

By analysing the results of the ROC curves of PASL-
MRI and MV 1H-MRS in all patients, as shown in Table
7 and Fig. 7, we utilized a cut-off value >5.96% and
AUC of 0.968 for increased ASLAI% (with 96.01% sensi-
tivity, 91.70% specificity and 95.78% accuracy) and a cut-
off value <64.87 and AUC of 0.957 for reduced rCBF
(with 98.31% sensitivity, 92.90% specificity and 94.75%
accuracy), for proper localization and lateralization of
the epileptogenic zone. Additionally, we found that the
increased mean %AF at a cut-off value >9.98% with
AUC of 0.983 (100% sensitivity, 97.65% specificity and
98.14% accuracy), MI/NAA ratio at a cut-off value > 0.98
with AUC of 0.989 (100% sensitivity, 96.34% specificity
and 97.86% accuracy) and GIx/NAA ratio at a cut-off
value > 1.55 with AUC of 0.972 (100% sensitivity, 96.35%
specificity and 97.24% accuracy), as well as decreased
NAA/(Cho + Cr) ratio at a cut-off value <0.59 with
AUC of 0977 (100% sensitivity, 96.9% specificity and
97.74% accuracy) facilitated adequate identification of

the epileptogenic zone. Furthermore, the combined use
of PASL-MRI and multi-voxel 1H-MRS enabled accurate
localization and lateralization of the epileptogenic zone
in patients with FIAE (100% sensitivity, 98.45% specifi-
city and 98.86% accuracy).

Discussion
The proper identification of an epileptic focus is a vital
diagnostic challenge particularly in non-lesional epilepsy
[20]. Although scalp EEG and video-EEG monitoring are
the most common methods used for focus localization,
the data given by them are limited [21]. Conventional
MRI remains the method of choice for identification of
the gross structural brain lesions. However, normal MRI
findings are observed in about 30% of patients with FIAE
of temporal lobe origin [20]. Epilepsy is ultimately a dis-
ease of brain function, in which seizures are accompan-
ied by alterations of rCBF and cerebral metabolism [21].
The PASL-MRI is a promising, non-invasive and non-
gadolinium-dependent perfusion-based MRI acquisition,
which facilitates quantitative estimation of the rCBF and
provides serial imaging with greater accessibility than
SPECT or PET techniques and without radiation expos-
ure or contrast media [11].
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Fig. 3 a-i A 40-year-old male patient with non-lesional left temporal lobe FIAE. The visual-based analysis of the axial PASL-MRI colour-coded

cerebral perfusion maps (a and b) reveals a focal hypoperfusion of the epileptogenic left temporal lobe (red arrows), the ipsilateral occipital lobe
that represents the area of seizure spread (white arrows) and the ipsilateral thalamus (blue arrows). The estimated rCBF for the right and left
temporal lobes was 69.78 and 50.03 ml/100 g/min, respectively, with ASLAI% of 32.97%, as well as that of the right and left occipital lobes was
71.22 and 66.82 ml/100 g/min., respectively, with ASLAI% of 6.37%, while the estimated rCBF of the right and left thalami was 68.89 and 62.19 ml/
100 g/min, respectively, with ASLAI% of 9.50%. The MV TH-MRS picture maps illustrating the studied ROls in (c) (I-IV). The MRS spectra of the
right and left temporal lobes (d and e, respectively), as well as the right and left occipital lobes (f and g, respectively), in addition to the right and
left thalami (h and i, respectively), demonstrated increased MI/NAA, GIX/NAA and GIx/Cr, as well as decreased NAA/(Cho + Cr) ratios in the zone
of epileptogenic activity in the left temporal lobe (e) in comparison to the contra-lateral temporal lobe (d), while the ipsilateral left occipital lobe
(g) and the ipsilateral thalamus (i) showed decreased MI/NAA and NAA/(Cho + Cr), as well as increased GIx/NAA and Glx/Cr ratios, when
compared to their corresponding contra-lateral regions. For the right and left temporal lobes, these ratios were [NAA/(Cho + Cr) = 0.72 and 0.65
with 9%AF of 10.22%, MI/NAA = 0.21 and 1.07 with %AF of 13.44%, GIx/NAA = 1.25 and 1.61 with %AF of 25.17% and GIx/Cr = 1.22 and 1.50 with
%AF of 20.58%]. For the right and left occipital lobes, these ratios were [NAA/(Cho + Cr) = 0.72 and 0.67; with %AF of 7.25%, MI/NAA = 0.38 and
0.27 with; %AF of 72.13%, GIx/NAA = 1.33 and 1.65 with %AF of 21.48% and GIx/Cr = 130 and 1.59, with %AF of 20.07%]. For the right and left
thalami, these ratios were [NAA/(Cho + Cr) = 0.71 and 0.61 with %AF of 15.15%, MI/NAA = 0.40 and 0.19 with %AF of 71.18%, Glx/ NAA = 1.31

and 1.57 with %AF of 18.06% and GlIx/Cr = 1.29 and 1.54, with %AF of 17.67%)]

J

The study in hand goes parallel with the observations
of previous studies [1, 22, 23] and revealed that the tem-
poral lobe is the commonest affected lobe with FIAE,
while most of patients with extra-temporal lobe FIAE
have frontal lobe epilepsy.

The visual-based analysis of PASL-MRI identified the
epileptogenic zones with well-lateralization and well-
localization in most of the studied patients (21/26;
80.77%). As reported by other previous studies [7, 24—
26], the epileptogenic zones appeared as ipsilateral re-
gions of abnormal perfusions, either hypo-perfusion with
decreased rCBF (19/21; 90.48%) or hyper-perfusion with
increased rCBF (2/21; 9.52%), which displayed cool and
warm colours, respectively, according to the colour scale
of the perfusion maps. Actually, the definite pathological
mechanism of the inter-ictal focal hypo-perfusion of the
epileptogenic zone with irritative focus is not yet clear. It
could be attributed to cortical atrophy, gliosis, reduced
synaptic density and/or neural loss in the epileptogenic
zone [27]. However, a possible positive linear correlation

between the inter-ictal perfusion of the epileptogenic
zone and the frequency of the inter-ictal epileptic activ-
ity might exist to explain the interictal hyperperfusion in
epileptogenic zones [28].

Moreover, the visual-based analysis of PASL-MRI data
of the current study demonstrated false localization of
the epileptogenic zone in 2 patients (2/26; 7.69%) with
temporal non-lesional FIAE (Figs. 3 and 4) and false
lateralization in 2 other patients (2/26; 7.68%) with par-
ietal and temporal lobe FIAE (Figs. 5 and 6). In all of
them, there was hypoperfusion with cool colour in the
focal epileptogenic zones as well as in areas of seizure
spread, which can be attributed to the rapid seizure
spread or sub-clinical seizure onset [23].

Noteworthy, this visual-based analysis yielded 90.48%
sensitivity, 87.10% specificity and 88.46% accuracy in
proper identification of the epileptogenic foci. However,
Kim et al. [11] reported a diagnostic ability of the inter-
ictal visual analysis of PASL-MRI in patients with non-
lesional FIAE of 74% sensitivity, 0% specificity and 70%
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Fig. 4 a-e A 22-year-old male patient with non-lesional right temporal lobe FIAE. The visual-based analysis of the axial PASL-MRI colour-coded
cerebral perfusion map (a) highlights the hypoperfusion of the epileptogenic right temporal lobe (white arrows) associated with focal
hypoperfusion of the ipsilateral right frontal lobe, which represented the cerebral area of seizure spread (red arrows). The estimated rCBF for the
right and left temporal lobes was 52.34 and 70.98 ml/100 g/min, respectively, with ASLAI% of 30.23%. Additionally, the estimated rCBF of the
right and left frontal lobes was 68.92 and 75.88 ml/100 g/min, respectively, with ASLAI% of 9.61%. The MV 1H-MRS spectra of the right and left
temporal lobes (b and ¢, respectively), demonstrated increased MI/NAA, GIx/NAA and GIx/Cr, as well as decreased NAA/(Cho + Cr) ratios in the
zone of epileptogenic activity in the right temporal lobe (b) in comparison to the contra-lateral non-epileptogenic left temporal lobe (c). For the
right and left temporal lobes (b and ¢, respectively), these ratios were [NAA/(Cho + Cr) = 0.54 and 0.74 with %AF of 31.25%, MI/NAA = 0.74 and
0.52 with %AF of 34.92%, GIx/NAA = 1.60 and1.45 with %AF of 9.84% and GIx/Cr = 1.53 and 1.40 with %AF of 8.87%]. On the other hand, the
ipsilateral right frontal lobe (d), which represented the cerebral area of seizure spread, showed decreased MI/NAA and NAA/(Cho + Cr), as well as
increased GIx/NAA and GIx/Cr ratios, when compared to the contra-lateral left frontal lobe (e), where these ratios, for right and left frontal lobes,
respectively, were [NAA/(Cho + Cr) = 0.67and 0.88 with %AF of 27.09%, MI/NAA = 0.57 and 0.64 with %AF of 11.57%, GIx/NAA = 1.39 and 1.30

with %AF of 6.69% and GIx/Cr = 1.34 and 1.25, with %AF of 6.95%)]

accuracy. These variations might be attributed to differ-
ences in the duration of epilepsy, variations in labelling
techniques and different post-processing methods. In
fact, the visual-based analysis is inefficient in detecting
slight changes in the rCBF, which are vulnerable to sub-
jective factors of the observers that significantly influ-
ence its diagnostic performance [26].

Therefore, to improve the diagnostic performance of
PASL-MRI, we calculated the ASLAI% and found that
the significant increase in the ASLAI% (at cut-off value
>5.96% and AUC of 0.968 with 96.01% sensitivity,
91.70% specificity and 95.78% accuracy) and reduced
rCBF (at cut-off value <64.87 and AUC of 0.957 with
98.31% sensitivity, 92.90% specificity and 94.75% accur-
acy), facilitated proper localization and lateralization of
the epileptogenic zone. Parallel to our results, Eryurt
et al. [29] utilized a cut-off value 0.89 for reduced rCBF
and a cut-off value 5.8% for increased ASLAI% with 71%
sensitivity and 78% specificity. On the contrary, Guo
et al. [30] used a cut-off value 4.0% for significant hippo-
campal ASLAI% increase (with 80.8% sensitivity and
72.7% specificity), while they used a cut-off value 4.5%
for amygdala (with 65.4% sensitivity and 77.3% specifi-
city). However, they reported significant reduction in the
rCBF ipsilateral in the epileptogenic temporal lobe, com-
pared to the contra-lateral non-epileptic temporal lobe
and control, with significant increase in the ASLAI%.
These differences might be attributed to differences in

the region of seizure, post-processing technique and
statistical methods.

The 1H-MRS can be considered as an in-vivo meta-
bolic biopsy, which has the potential to provide data
about neurochemical changes in a selected volume of
the brain that may precede the development of struc-
tural lesions particularly in patients with negative MRL
This can be achieved by quantification of the endogen-
ous cerebral metabolites including NAA (a marker for
neuronal status and integrity with its reduction is inter-
preted as mitochondrial metabolism dysfunction or
neuronal loss), Cho (a marker for membrane integrity
and turnover), Cr (a marker for energy metabolism), MI
(a marker for glial cell integrity) and Glx (is an excita-
tory neurotransmitter, which plays a role in mitochon-
drial metabolism and can serve as a marker of epileptic
networks) [20, 31].

In accordance with previous studies [1, 32, 33], we ob-
served a significant reduction in the mean peak ratios of
NAA/Cho, NAA/Cr and NAA/(Cho + Cr) (P < 0.02, P =
0.01 and P < 0.001, respectively), in the proposed zone
of focal epileptogenic activity when compared to the
homologous region of the contra-lateral non-
epileptogenic region. However, Zhang et al. [20] and
Davis et al. [34] stated that, in patients with temporal
lobe epilepsy, NAA/(Cho + Cr) value ipsilateral to the
EEG epileptogenic focus was not significantly lower than
that of the corresponding contralateral regions.
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Fig. 5 a-h A 27-year-old male patient with non-lesional right temporal lobe FIAE. The visual-based analysis of the axial PASL-MRI colour-coded
cerebral perfusion map (a) reflects the hypoperfusion of the epileptogenic right temporal lobe (red arrows) and the contra-lateral right frontal
lobe, which represented the cerebral area of seizure spread (white arrows) and the contra-lateral left thalamus (blue arrows). The estimated rCBF
for the right and left temporal lobes was 49.76 and 67.98 ml/100 g/min, respectively, with ASLAI% of 30.95%. The estimated rCBF of the right and
left frontal lobes was 73.56 and 59.78 mI/100 g/min, respectively, with ASLAI% of 20.67%, while the estimated rCBF of the right and left thalami
was 70.04 and 65.69 ml/100 g/min, respectively, with ASLAI% of 6.41%. The MV TH-MRS picture maps illustrating the studied ROIs in (b) (I-VI). The
MRS spectra of the right and left temporal lobes (c and d, respectively), demonstrated increased MI/NAA, GIx/NAA and GIx/Cr, as well as
decreased NAA/(Cho + Cr) ratios in the zone of epileptogenic activity in the right temporal lobe (c) in comparison to the contra-lateral left
temporal lobe (d) with these ratios were: [NAA/(Cho + Cr) = 0.59 and 0.85 with %AF of 36.11%, MI/NAA = 0.72 and 0.35 with %AF of 34.58%, GIx/
NAA = 1.66 and1.34 with %AF of 21.33% and GIx/Cr = 1.62 and 1.30 with %AF of 21.92%] for the right (c) and left (d) temporal lobes,
respectively. On the other hand, the MRS spectra of the contra-lateral left frontal lobe (f) and the contra-lateral left thalamus (h) showed
decreased MI/NAA and NAA/(Cho + Cr), as well as increased GIx/NAA and GIx/Cr ratios when compared to the ipsilateral frontal lobe (e) and
thalamus (g). These ratios were [NAA/(Cho + Cr) = 0.72 and 0.67 with %AF of 7.19%, MI/NAA = 0.38 and 0.27 with %AF of 33.85%, GIx/NAA =
1.33 and 1.65 with %AF of 21.47% and GIx/Cr = 1.28 and 1.59, with %AF of 21.60%] for the right and left frontal lobes, respectively, while these
ratios were [NAA/(Cho + Cr) = 0.71 and 0.58 with %AF of 20.16%, MI/NAA = 042 and 0.20 with %AF of 70.97%, GIx/ NAA = 130 and 1.55 with
%AF of 8.77% and GIx/Cr = 1.27 and 1.52, with %AF of 8.96%] for the right and left thalami, respectively

Moreover, Davis et al. [34] observed elevated NAA/Cr in
the epileptogenic focus when compared to the corre-
sponding contralateral region. However, Simister et al.
[35] concluded that temporal lobe epilepsy was associ-
ated with reduction in NAA/Cr ratio in both ipsilateral
and contra-lateral temporal lobes. Also, Ercan et al. [36]
observed a non-significant reduction in both NAA/Cr
and NAA/(Cho + Cr) ratios in patients with left tem-
poral lobe epilepsy compared to normal controls. These
dissimilarities may be referred to differences in the study
design, selection criteria, the time of estimation of these
metabolites after seizure onset and the disease chron-
icity. Many explanations were provided to elucidate the
mechanism of the NAA reduction in the proposed epi-
leptogenic zone, including neuronal loss, seizure dur-
ation, frequency and severity [23] in addition to
reduction in synaptic density due to metabolic impair-
ment [36].

The Glx complex is highly involved in the excitatory
neuronal activity, and its increased level can be consid-
ered as a marker of epileptogenic processes particularly
in non-lesional epilepsy [37]. Many previous studies that

support the hypothesis of increased glutamate level in
the epileptogenic foci assume that elevated glutamate
level within the glial-neuronal unit is a key sign of both
mitochondrial and metabolic injury induced by the
hyper-excitable state that characterizes seizures [37].
Also, the elevated extracellular Glx concentration in
those patients can be explained by reduction in glutam-
ate reuptake [32]. Additionally, Savic et al. [38] stated
that the alterations in GIx/NAA and Glx/Cr peak ratios
could play a crucial role in evaluating patients of tem-
poral lobe epilepsy with negative MRI

In agreement with the results obtained by previous
studies [34, 35, 38], the present study revealed a signifi-
cant increase in the mean peak ratios of GIx/NAA and
GIx/Cr (P < 0.001 and P < 0.018, respectively) in the
suggested zone of focal epileptogenic activity when com-
pared to the corresponding region in the contralateral
hemisphere. In contrast, Hammena et al. [39] reported
an increase in the Glx concentration contra-lateral to
the epileptogenic focus in patients with MRI negative re-
sults and postulated a possible neuronal damage contra-
lateral to epileptogenic focus.
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Fig. 6 a-d A 35-year-old female patient with non-lesional left parietal lobe FIAE. The visual-based analysis of the axial PASL-MRI colour-coded
cerebral perfusion map (a) demonstrated 2 mirrored focal hypoperfusion areas in the right and left parietal lobes, which represented a mirror
focus of cerebral area of seizure spread (blue arrows) and the focal epileptogenic zone (red arrows), respectively, and exhibited cool blue colour,
according to the colour scale, reflecting the associated decrease in the rCBF. Additionally, based on the colour-coded spectrum, a cortical and
subcortical relative hypoperfusion with associated decrease in the rCBF of the left parietal region is seen displaying green and dark yellow colours
(white arrows), when compared to the normal perfusion pattern of the corresponding contra-lateral cortical and subcortical right parietal lobe
that tinted with red and yellow colours (yellow arrows). The estimated rCBF for the right and left parietal lobes was 78.68 and 57.91 ml/100 g/
min, respectively, with ASLAI% of 30.41%. The MV 1H-MRS picture maps illustrating the studied ROIs of both parietal lobes, were obtained at a
long TE of 144 ms (b) and short TE of 35 ms. The MV TH-MRS spectra of the left parietal lobe (d) demonstrated the zone of focal epileptogenic
activity with increased MI/NAA, GIX/NAA and GIx/Cr, as well as, decreased NAA/(Cho + Cr) ratios, while the MV TH-MRS spectra of the right
parietal lobe (c) demonstrated a mirror focus of cerebral area of seizure spread with decreased MI/NA and NAA/(Cho + Cr), as well as increased
GIx/NAA and GIx/Cr ratios. For the right and left parietal lobes (c and d, respectively), these ratios were [NAA/(Cho + Cr) = 0.66 and 0.46 with
%AF of 35.71%, MI/NAA = 0.69 and 0.83 with %AF of 1842%, Glx/ NAA = 1.31 and1.49 with %AF of 12.86% and GIx/Cr = 1.29 and 1.45 with %AF
of 11.68%]

The peak value of MI concentration could be an es-
sential marker of the biologic effects of overt and/or oc-
cult seizure activity, which can provide an early key sign
of secondary brain damage [40]. The study in hand dem-
onstrated a significant increase in the mean MI/NAA
peak ratio in the suggested zone of focal epileptogenic

activity when compared to the homologous region on
the contralateral hemisphere (P = 0.044). On the con-
trary, Doelken et al. [32] noted a non-significant change
in cerebral MI concentration in both temporal lobes of
MRI-negative patients with temporal lobe epilepsy.
However, Wellard et al. [40] observed an elevation of MI

Table 4 Quantitative analysis of the PASL-MRI results of both cerebral hemispheres of the studied patients (n = 26)

Selected ROIs rCBF (ml/100 g/min.) ANOVA ASLAI%

Ipsilateral hemisphere  Contralateral F P value

hemisphere

Epileptogenic zone and its mirrored non- 66.22-7645 (7367 + 455) 7868-88.50 (82.62 + 5.54) 135402 <0.001* 14.34-29.76 (1865 + 10.12)
epileptic contralateral regions
The thalamus 68.15-77.08 (72.62 + 446) 71.15-80.09 (76.62 + 547) 1462 0.023*  7.71-1064 (923 + 1.17)
The basal ganglia 72.01-79.09 (75.05 £ 3.04) 73.01-79.10 (76.05 £ 3.05) 1.104 0279 3.82-821 (598 + 1.22)
The cerebellum 72.05-78.27 (7416 £ 3.11) 72.39-78.63 (7450 + 3.11) 0.572 0456 0.51-4.05 (22 + 1.4)
Apparently normal brain tissue 70.21-79.33 (75.21 £ 401) 7122-7934 (7522 £ 401) 0.650 0.568 0.01-1.195 (1.1 = 0.09)

ROIs regions of interest, rCBF regional cerebral blood flow, m/ milliliter, g grams, min minute, ASLAI% arterial spin labelled asymmetry index (percent), F Fischer’s
exact test value, * significant (P < 0.05). Data are expressed in range (mean * standard deviation)
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Table 5 The mean metabolite concentration ratios in brains of the studied patients (n = 26)

Metabolite ratio in different brain regions Ipsilateral side of the Contralateral t P
epileptogenic zone side value
Suggested zone of focal epileptogenic activity and its mirrored non- ~ NAA/Cho  0.94 + 0.08 121+£0.18 5341 <
epileptic contralateral region 0.02%
NAA/Cr 086 + 0.11 128 £0.14 1181 001*
NAA/ 0.54 + 062 093 +0.07 21540 <
(Cho+Cr) 0.001*
MI/NAA 1.03 + 021 0.72 £0.10 2068  0.044%
GIX/NAA 1.56 £ 1.25 123 +1.12 18451 <
0.001*
Glx/Cr 144 + 024 121+ 044 3441 <
0.018*
Cerebral areas of seizure spread NAA/Cho  1.23+0.18 1.25+0.18 2344 0163
NAA/Cr 127 +0.14 129+ 0.14 3235 0132
NAA/ 084 £0.14 087 £0.15 5416 0072
(Cho+Cr)
MI/NAA 0.50 £ 0.01 0.69 £ 0.19 2178 <
0.01*
GIX/NAA 128 £15 126 £ 14 1246 0120
Glx/Cr 123 £026 122 £0.26 1521 0641
Thalamus NAA/Cho 1.19 + 005 1.22 + 0.06 35254 <0.11
NAA/Cr 123 £0.11 126 £0.12 24351 <043
NAA/ 060 £0.12 092 +£0.13 473 <
(Cho+Cr) 0.001*
MI/NAA 067 £0.13 0.72 £0.03 26.081 0.03*
GIx/NAA 149 + 20 127 £19 1246 <
0.02*
Glx/Cr 140 £ 032 137 £031 1521 0.064
Basal ganglia NAA/Cho 124 £ 0.07 126 £ 0.08 1.870 0910
NAA/Cr 127 £0.10 125+ 011 0371 0865
NAA/ 084 £0.12 087 £0.13 0521  0.160
(Cho+Cr)
MI/NAA 0.81 £ 0.01 0.79 £ 0.02 0462 0.754
GIx/NAA 125 +24 123 +£23 0162 0110
Glx/Cr 1.25 + 039 123+ 037 1.253 0064
Cerebellar hemispheres NAA/Cho  1.27 £ 0.11 123 £0.10 1355 0183
NAA/Cr 128 £0.17 125+ 0.16 1.095 0279
NAA/ 086 + 0.16 082+ 0.15 0731 0468
(Cho+Cr)
MI/NAA 0.76 £ 0.12 0.77 £ 0.11 1651 0124
GIX/NAA 127 £20 129 £ 20 0162 0210
Glx/Cr 123 £ 040 126 £ 039 1253  0.064

MV 1H-MRS multi-voxel proton magnetic resonance spectroscopy, ppm parts per million, NAA N-acetylaspartate, Cr creatine, Cho choline, Glx glutamate-glutamine,

MI Myo-inositol, t t test, * significant if P value <0.05

concentration ipsilateral to the epileptogenic temporal
lobe in patients with hippocampal sclerosis compared to
the corresponding contra-lateral temporal lobe and nor-
mal controls. They attributed this change to the associ-
ated astrocytosis [40].

Temporal lobes have rich functional interconnectivity
with other brain regions, in which the posterior lateral
temporal region serves as the spot of a “functional hub”
which is a key for the propagation of ictal activity to
other brain regions, causing the clinical phenomenon of
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Table 6 The %AF of the mean metabolites concentration ratio obtained by multivoxel TH-MRS in the studied patients (n = 26)

Laterality of the epileptogenic activity

The %AF of the mean metabolites ratios

as obtained by TH-MRS data

NAA/Cho NAA/Cr NAA/(Cho + Cr) MI/NAA GIx/NAA GIx/Cr

Trivial %AF with no lateralization (1/26; 3.85%) 42 35 33 4 3 4
%AF with lateralization Right lateralization —15-375 —1.5-30 —15-298 —149-24 —1.2-306 —1.1-389
(25/26; 96.15% (12; 46.15%) (252 +2.2) (246 +5) (274 +17) (20.5 + 2.3) (200 £ 1.8) (25.1 £ 13)

Left lateralization 15-37 12-314 12-30.2 10.5-35.7 13.9-30.5 12-30.01

(13; 50%) (260 £ 1.1) (25.1 £ 44) (291 +1.5) (220 £ 12) 215+ 11) (262 +12)
ANOVA F 66.44 149613 27.87 3941 1462 1.104

P value <0.001* < 0.002* <0.001* <001* 0.02* 0.03*

MV 1H-MRS multi-voxel proton magnetic resonance spectroscopy, ppm parts per million, NAA N-acetylaspartate, Cr creatine, Cho choline, Glx glutamate-glutamine,
MI Myo-inositol, %AF percent asymmetry factor; statistical data were expressed as number (n); percent (%), mean + standard deviation (SD) and F Fisher exact test,

*: significant if P value <0.05

secondary generalization [41]. Obviously, patients with
temporal lobe epilepsy show an additional hypometabo-
lism of the frontal, parietal and occipital lobes, which
represents the inhibitory phenomena initiated by the
epileptogenic focus [42, 43].

In the current study, despite the significant increase of
the MI/NAA ratio in the epileptogenic zones in patients
of false localization (Figs. 3 and 4) and false lateralization
(Figs. 5 and 6) on PASL-MRI, there was a significant re-
duction of this metabolite ratio in the regions of seizure
spread (P < 0.01), which might be attributed to the
osmolyte changes caused by seizures [40]. These areas
with diminished MI/NAA ratios were considered as
cerebral areas of propagation of epileptogenic activity.
Wellard et al. [40] advocated the use of this finding in
discrimination between the seizure focus with increased
MI concentration and the areas of seizure spread with
reduced MI concentration. The hypometabolism ob-
served in other brain lobes ipsilateral and/or contra-
lateral to the epileptogenic temporal lobe can be attrib-
uted to the seizure spread and propagation to these
brain regions [23, 31, 43].

In humans, the thalamus displays reciprocal wide-
spread connections with subcortical structures and other
cortical regions [44] and is thought to be responsible for
the initiation and expression of partial and generalized
seizures. Therefore, the role of the thalamus in
localization-related epilepsy has currently been receiving
attention [45]. The present study reported a case with
right temporal lobe FIAE that appeared normal by
PASL-MRI and considered a false negative result, while
the 1H-MRS showed increased GIx/NAA, decreased
NAA/(Cho + Cr) and decreased MI/NAA ratios of the
right temporal lobe and ipsilateral thalamus (Fig. 1). This
goes in harmony with the results obtained by Jain et al.
[46], who stated that ipsilateral thalamic hypometabo-
lism played an important role in localization of the epi-
leptogenic focus in patients with temporal lobe epilepsy.

The present study demonstrated significant thalamic
changes detected ipsilateral to the epileptogenic zone in
two patients [one with frontal lobe FIAE (Fig. 2), and
one with temporal lobe FIAE (Fig. 3)], and in the contra-
lateral thalamus in one patient with right temporal lobe
FIAE (Fig. 5). These thalamic changes included

Table 7 Cut-off values with sensitivity, specificity, predictive values and accuracy of PASL-MRI and 1TH-MRS in identification of

epileptogenic zone in patients with FIAE (n= 26)

Quantitative imaging parameters Cut-off AUC Sensitivity % Specificity % PPV % NPV % Accuracy %
PASL-MRI parameters rCBF (ml/100 g/min) <6487 0957 9831 92.90 9597 8889 94.75
ASLAI % 2596% 0968 96.01 91.70 89.68 9582 95.78
MV TH-MRS parameters Metabolite concentration NAA/Cho <078 0949 930 91.7 90.8 92.7 93.94
ratios (in ppm) NAA/Cr <089 0889 893 8822 926 83 889
NAA/(Cho+Cr) <0.59 0.977 100 96.9 96.7 100 97.74
MI/NAA 2098 0989 100 96.34 9538 100 97.86
GIX/NAA 2155 0972 100 96.35 9568 100 97.24
Glx/Cr 2139 0.955 92.06 90.24% 9388  93.67 94.53
%AF 2998% 0983 100 97.65 9831 100 98.14
Combined use of ASL-MRI'and MV TH-MRS 100 9845 9781 996 98.86

PPV positive predictive value, NPV negative predictive value, MV 1H-MRS multi-voxel proton magnetic resonance spectroscopy, ppm parts per million, NAA N-
acetylaspartate, Cr creatine, Cho choline, Glx glutamate-glutamine, M/ Myo-inositol, ASLAI% arterial spin labelled asymmetry index (percent), %AF percent
asymmetry factor, rCBF regional cerebral blood flow, m/ milliliter, g grams, min minute
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Fig. 7 a—d The ROC curves analysis illustrates the performance of quantitative parameters of PASL-MRI and TH-MRS techniques in identification
of the zone of epileptogenic activity in the studied patients. The rCBF at a cut-off value <64.87 ml/100 g/min with 0.957 AUC showed 98.31%
sensitivity, 92.90% specificity and 94.75% accuracy and by using the ASLAI% at a cut-off value = 5.96 with 0.968 AUC, yielded 96.01% sensitivity,
91.70% specificity and 95.78% accuracy (a and b, respectively). Moreover, c revealed that NAA/Cho ratio at a cut-off value < 0.78 with 0.949 AUC,
gave 93.0% sensitivity, 91.7% specificity and 93.94% accuracy, while NAA/Cr ratio at a cut-off value <0.89 with 0.889 AUC showed 89.3%
sensitivity, 88.2% specificity and 88.9% accuracy. On the other hand, NAA/(Cho + Cr) ratio at a cut-off value < 0.59 with 0.977 AUC, yielded 100%
sensitivity, 96.9% specificity and 97.74%. Also, MI/NAA ratio at a cut-off value = 0.98 with 0.989 AUC, yielded 100% sensitivity 96.34% specificity
and 97.86% accuracy, while GIx/NAA ratio at a cut-off value 2 1.55 with 0.972 AUC, yielded 100% sensitivity, 96.35% specificity and 97.24%
accuracy, while GIx/Cr ratio at a cut-off value = 1.39 with 0.955 AUC, showed 92.06% sensitivity, 90.24% specificity and 94.53% accuracy.
Furthermore, utilization of %AF at a cut-off value = 9.98 with 0.983 AUC, gave 100% sensitivity, 97.65% specificity and 98.14% accuracy (d)

ASLAI%
100
80
60
40
20
0 I)./..I..ll...l..ll...l
0 20 40 60 80 100
100-Specificit
B p y
%AF
100
sof-
£ eof
% 4o:
2 [
20f
of
D 100-Specificity

significant reduction in the rCBF (P = 0.023) by PASL-
MR, in addition to a significant reduction in the NAA/
(Cho + Cr) ratio (P < 0.001) and a significant increase in
GIx/NAA ratio (P = 0.02) by 1H-MRS. This is supported
by the results of previous studies [44—48], which recom-
mended the utilization of interictal thalamic hypoperfu-
sion and/or metabolic alterations as a complementary sign
for proper localization and lateralization of epileptogenic
foci in patients with temporal and frontal lobe epilepsy.

A mirror focus is a special pattern of secondary epilep-
togenesis in which activity is provoked through dense
inter-hemispheric callosal or commissural connection
networks and considered as one of the signs of epilepsy
progression [49, 50]. In a similar way, the current study
showed a patient with left parietal non-lesional FIAE,
with false lateralization of the epileptogenic zone based
on the PASL-MRI results. The 1H-MRS of this patient
detected properly the lateralization of the epileptogenic

zone in the left parietal region, wherein there was re-
duced NAA/(Cho + Cr) and increased MI/NAA ratios in
the epileptogenic zone (left parietal), while the MI/NAA
ratio was decreased in the corresponding area in the
right parietal region that represented a mirror focus of
seizure spread (Fig. 6).

To the best of our knowledge, limited studies dis-
cussed the optimal cut-off value of PASLAI% for proper
identification of the epileptogenic zone in patients with
non-lesional FIAE. Additionally, the vast majority of
prior spectroscopic studies addressed the metabolic al-
terations of the hippocampi and/or temporal lobe, while
diminutive attention was paid to other brain regions
with a wide argument [29, 30, 46].

The statistical data analysis of the MV 1H-MRS results
yielded a cut-off value >9.98% for the increased mean
%AF with AUC 0.981 (100% sensitivity, 97.65% specifi-
city and 98.14% accuracy), and a cut-off value <0.59 for
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detection of significant decrease in the NAA/(Cho + Cr)
ratio with AUC of 0.977 (100% sensitivity, 96.9% specifi-
city and 97.74% accuracy), between the proposed epi-
leptogenic zone and homologues contralateral region. In
contrast, Eryurt et al. [29] suggested a cut-off value 8.7%
for increased %AF between the epileptogenic temporal
lobe and contralateral non-epileptic lobe with 86% sensi-
tivity and 79% specificity. On the other hand, Elnekidy
et al. [33] used a cut-off value 14% and 9% to the epi-
leptogenic zones of the anterior and posterior portions
of temporal lobe, respectively, while Sharma [51] used a
cut-off value 12% to the total temporal lobe. Moreover,
Elnekidy et al. [33] used a cut-off value 0.32 and 0.65 for
detection of significant reduction in the NAA/(Cho +
Cr) concentration ratio in the epileptogenic zones of the
anterior and posterior portions of temporal lobe, re-
spectively, while Burtscher and Holtas [52] utilized a
cut-off value < 0.71% for identification of a significant re-
duction in the NAA/(Cho + Cr) ratio ipsilateral to the
epileptogenic zone.

Moreover, in the zone of assumed epileptogenic focus,
we recorded a mean of 1.03 + 0.21 for significantly in-
creased MI/NAA concentration ratio with an optimal
cut-off value 20.98 and AUC 0.989 (100% sensitivity,
96.34% specificity and 97.86% accuracy), and a mean of
156 + 1.25 for significantly increased GIx/NAA ratio
with an optimal cut-off value >1.55 and AUC 0.972
(100% sensitivity, 96.35% specificity and 97.24% accur-
acy). On contrast, Aydin et al. [33] recorded a mean of
1.15 + 1.19 and 1.16 + 1.07 in the right and left hippo-
campi, respectively, with an AUC 0.450 + 0.091, for sig-
nificantly increased peak of Glx in the epileptogenic
focus in patients with temporal lobe epilepsy, while they
reported a mean of 0.76 + 0.61 and 0.60 + 0.42 in the
right and left hippocampi, respectively, for significantly
increased peak of MI with an AUC 0.434 + 0.060. How-
ever, they could not display the optimal cut-off values
for the significantly increased peaks of MI and Glx in
the epileptogenic focus.

Furthermore, the current work demonstrated that in
the interictal state, the combined use of PASL-MRI and
MV  1H-MRS enabled accurate localization and
lateralization of the epileptogenic zone in patients with
FIAE with the highest sensitivity, specificity and accur-
acy (100%, 98.45% and 98.86%, respectively).

Limitations

Although we feel that our prospective study on patients
with non-lesional FIAE, in their interictal state, offered
an essential insight about the diagnostic performance of
PASL-MRI and MV 1H-MRS, this study faced some lim-
itations. First limitation was the small number of the
studied patients. Second, our study did not include pa-
tients with bilateral epileptogenic activities. Third, we
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did not include a healthy control group. However, we
considered the non-epileptogenic hemisphere as an indi-
vidual auto-control. So, further extended studies on a
larger number of patients with different age groups are
recommended with the inclusion of patients with bilat-
eral epileptogenic activity and other types of epilepsy.

Conclusion

In the interictal states of patients with non-lesional
FIAE, the PASL-MRI (including significantly increased
ASLAI% and reduced rCBF) and the MV 1H-MRS [in-
cluding increased MI/NAA and GIx/NAA as well as re-
duced NAA/(Cho + Cr) ratios] can be considered as
valuable non-invasive accurate techniques for proper
identification of the epileptogenic zone. Moreover, ipsi-
lateral thalamic metabolic alterations including elevated
GIx/NAA and MI/NAA peak ratios can facilitate proper
lateralization and localization of the epileptogenic zone,
while the reduction in the MI/NAA ratio can be used as
an indicator for identification of the area of seizure
spread.

The combined use of PASL-MRI (with coloured perfu-
sion maps of rCBF) and MV 1H-MRS (which is consid-
ered as a metabolic biopsy) permits much higher
diagnostic accuracy than utilization of each sequence
alone (100% sensitivity, 98.45% specificity, and 98.86%
accuracy). This combination provides in-vivo digital pro-
ficient biomarker that enhances the accurate identifica-
tion of the epileptogenic focus and the cerebral areas of
seizure spread in this specific category of epileptic pa-
tients with conventional MRI-negative results.

We immensely recommend the employment of these
MRI techniques as a part of the routine imaging workup
protocol in patients with non-lesional epilepsy, particu-
larly those prone to develop intravenous contrast/radio-
tracer harmful effects.
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