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Abstract

Objective We sought to investigate the contribution of delayed '*F-FDG imaging data to epileptogenic zone (EZ) identification
using a hybrid positron emission tomography/magnetic resonance imaging (PET/MRI) system.

Methods Forty-one patients with epilepsy underwent a brain dual time point '*F-FDG PET/MRI examination. All early imaging
was acquired at approximately 40 min. Late imaging was classified as short delay (150.1 +20.2 min) or long delay (247.8 +
24.6 min). Visual evaluation and scoring of '*F-FDG uptake at dual time points were performed. An SUV,, e, asymmetry index
(AI) was calculated representing the difference in uptake between the EZ and the contralateral side. The EZ location was defined
by a multidisciplinary team based on findings on video electroencephalography, '*F-FDG, and MRI. EZ location was classified
as extratemporal lobe epilepsy (extra-TLE) or temporal lobe epilepsy (TLE). MRI findings were classified as positive if there
were signal/structural abnormalities, or negative. Al of dual time points was compared between MRI-positive and MRI-negative,
between extra-TLE and TLE, and between short delay and long delay of the late imaging time point.

Results The Al at the delayed time points was increased by a mean of 3.7 over the early time point in all patients (P < 0.01). The
biggest Als were found in the MRI-positive group. The AAI between two imaging points were 3.71 £3.50 and 4.67 +7.94 for
MRI-positive and MRI-negative; 4.52 +6.70 and 2.51 +2.42 for extra-TLE and TLE; and 4.24 + 6.52 and 3.46 +2.90 for short
delay and long delay groups, respectively. There were more patients with increased Al at the delayed time with MRI-positive
(95.8%, 23/24), with extra-TLE (96.8%, 30/31), and with short delay time (93.7%, 30/32). Two observers who had no knowledge
ofthe images chose 85.4% and 82.9% of the delay-time point images as the more obvious asymmetry from all images. The kappa
value between the two observers was 0.66 with good agreement.

Conclusion Delayed '*F-FDG PET imaging can be used to better identify EZs with relatively greater metabolic asymmetry
between the EZ and contralateral regions.
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Introduction
This article is part of the Topical Collection on Neurology Epilepsy is a clinical syndrome characterized by abnormal
excessive, synchronous neuronal activity in the brain, occur-
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30% of patients with epilepsy have normal high-resolution
MRI examinations [3, 4].

At present, an effective and accurate modality to localize
EZs remains a major challenge. Besides electroencephalogra-
phy (EEG) and MRI, '®F-FDG PET imaging, which demon-
strates metabolic activity, plays an important role in detecting
EZs, especially for those with negative MRI findings [5, 6].
PET has a sensitivity of 70-90% in temporal lobe epilepsy
(TLE) and 33-67% in extratemporal TLE (extra-TLE) for
localization of EZs [7]. PET affects surgical strategy in 50—
70% of cases, and 17% of cases rely on PET imaging alone to
determine surgical decisions [3].

Dual time point imaging (DTPI) in '*F-FDG PET is a tech-
nique in which imaging data are acquired at an early time
point of 45-60 min after '®F-FDG injection and at a delay
time point, which can range from minutes to hours. DTPI
PET is often used in the detection of glioma, brain tumor
classification, and distinction of tumor recurrence from radia-
tion necrosis [8—11]. It is generally agreed that delayed imag-
ing could provide more informative than early imaging to
distinguish malignant from benign lesions [12, 13]. To the
best of the authors’ knowledge, there has been no study fo-
cused on DTPI in the evaluation of EZs. The aim of this study
was to evaluate the efficacy of delayed time point '*F-FDG
PET/MRI for the identification of EZs using several quantita-
tive criteria.

Patients and methods
Patients and groups

This prospective study was permitted by the Research Ethics
Committee of the Huazhong University of Science and
Technology. All adult patients and the parents of pediatric
patients gave written informed consent prior to enrollment in
this study.

From 24 May 2018 to 28 Sep. 2018, a total of 41 patients,
including 26 males and 15 females, age from 13 to 69 years
(mean 29.6 = 14.4 years), were included in this study
(Table 1). The inclusion criteria for patients were (1) a history
of epilepsy > 2 years and (2) available diagnostic data includ-
ing detailed neurologic history, physical examination,
interictal and/or ictal scalp video electroencephalogram
(VEEQG), and routine MRI. Exclusion criteria included (1) <
12 years of age; (2) hyperglycemia or severe metabolic dis-
ease; (3) brain tumor; and (4) contraindications for MRI
examination.

Based on MRI, the patients were divided into the MRI-
positive group (abnormal structure and/or signal on MRI,
n =24, including 7 cases of encephalomalacia with gliosis, 5
cases of hippocampal sclerosis, 3 cases of arachnoid cyst
compressing the adjacent parenchyma, 3 cases of
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polymicrogyria, 3 cases of chronic hemorrhagic foci, 2 cases
of focal cortical dysplasia, and 1 case of gray matter
heterotopia) and the MRI-negative group (no structural or
signal abnormalities on MRI, n=17).

The locations of EZs were determined by a multidisciplin-
ary team (MDT) consisting of an epileptologist (with 25 years
of clinical experience) and two neuroradiologists (with
20 years of MRI experience and 15 years of PET experience)
according to clinical history, VEEG results, '*F-FDG PET/
MRI, 3D arterial spin labeling perfusion—weighted imaging
(3D ASL-PWI), and routine MRI. For each examination, the
weight of the importance for EZ localization is in order of
VEEG (epileptiform discharge): localization > lateralization>
uncertain; MR (structure/intensity abnormality): MR positive
> MR negative; '*F-FDG (hypometabolism on either early or
delayed "*F-FDG): focal > multiple; 3D ASL-PWI (hypoper-
fusion): consistent with FDG > uncertain. For all the exami-
nations, the weight of the importance for EZ localization is in
order of VEEG > '"*F-FDG PET > MRI. 3D ASL-PWI is the
supplement to '®F-FDG, which can increase the diagnosis
confidence. The EZ localization can be determined when at
least two of the three examinations (VEEG, MRI, either early
or delayed '®*F-FDG + 3D ASL-PWI) were consistent in lo-
calization (Table 2). Depending on the MDT diagnosis, pa-
tients were described as extratemporal lobe epilepsy (extra-
TLE, n=31) or temporal lobe epilepsy (TLE, n = 10).

Based on the delayed imaging interval, the patients’ image
acquisitions were described as short delay with imaging time
of 150.1 £20.2 min (n=32) after injection of BE_FDG or
long delay with imaging time of 247.8 +24.6 min (n=9),
respectively.

PET/MRI protocol

All the patients were interictal during PET/MRI examination.
The PET/MRI examinations were within 3—120 days (mean,
12.1 days) from the last seizure. The patients fasted for at least
6 h before the PET/MRI examination and the blood glucose level
was confirmed to be < 140 mg/dL. '®*F-FDG 3.7 MBq/kg
(0.1 mCikg) was intravenously injected. After resting calmly
for about 40 min, the patients underwent the first brain PET/
MRI examination, and then returned to the waiting room for rest
before the acquisition of the delayed images. The delayed images
were acquired 2.5—4 h later according to the clinical arrangement.

PET/MRI acquisition

The brain imaging was performed with a hybrid time-of-flight
(TOF) PET/MRI (SIGNA™ PET/MRI, GE Healthcare,
Waukesha, WI, USA). Both PET acquisitions were performed
in 3D mode with 15 min/bed position (DFOV =30 cm). The
PET datasets were reconstructed with a 192 x 192 matrix (pix-
el size, 1.5625 x 1.5625 x2.78 mm3) with TOF and point
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Table 1  Demographic and clinical data of all 41 patients

Patient no. Gender Age (years) VEEG FDG MRI findings EZ localization Late imaging
localization localization and localization by MDT
1 M 22 R/F R/F R/F/EM R/F Short delay
2 M 55 L/Lat L/O L/O/EM L/O Short delay
3 F 31 R/O R/O R/O/EM R/O Short delay
4 F 24 L/Lat L/P-O L/P/EM L/p Short delay
5 M 14 L/F L/F L/F/EM L/F Short delay
6 M 69 R/Lat R/E-P R/P/EM R/P Short delay
7 M 29 R/Lat R/F-T R/F/EM R/F Short delay
8 M 18 R/T R/T R/T/HS R/T Short delay
9 F 55 LT LT L/T/HS L/T Short delay
10 F 27 Uncertain L/T L/T/HS LT Short delay
11 M 28 L/T LT L/T/HS LT Short delay
12 M 18 Uncertain L/T L/T/HS L/T Short delay
13 M 27 R/F-P R/P R/T/AC R/P Long delay
14 M 13 R/Lat R/F R/F/AC R/F Short delay
15 M 15 L/Lat L/F L/T/AC L/F Long delay
16 F 16 R/Lat R/F-P R/F/PMG R/F Long delay
17 F 30 R/O R/O R/O/PMG R/O Short delay
18 M 29 R/F R/Lat R/F-P/PMG R/F Short delay
19 F 67 L/P L/P L/P/HF L/P Long delay
20 M 61 R/F R/F R/F/HF R/F Short delay
21 M 33 R/F R/F R/F/HF R/F Short delay
22 F 21 R/P R/P R/F/FCD R/P Short delay
23 F 20 L/p L/P L/P/FCD L/p Short delay
24 F 27 Uncertain R/O R/O/HTP R/O Short delay
25 M 42 LT LT Negative L/T Short delay
26 M 32 R/T R/E-T Negative R/T Short delay
27 M 31 L/F L/F Negative L/F Short delay
28 F 27 R/Lat R/E-T Negative R/F Short delay
29 M 17 R/Lat R/P-O Negative R/O Long delay
30 F 50 L/Lat L/F Negative L/F Short delay
31 M 19 R/Lat R/F Negative R/F Long delay
32 M 40 L/F-T L/F Negative L/F Short delay
33 F 27 L/P L/P Negative L/P Short delay
34 M 19 L/Lat L1 Negative L1 Long delay
35 M 18 LT LT Negative LT Short delay
36 F 39 L/F-T L/F Negative L/F Short delay
37 F 15 R/Lat R/F Negative R/F Short delay
38 M 16 L/Lat L/T Negative L/T Short delay
39 M 21 L/F L/F Negative L/F Short delay
40 M 22 L/F-T L/T Negative L/T Long delay
41 M 30 L/Lat L/P Negative L/P Long delay

R right, L left, F frontal, / insula, O occipital, P parietal, 7 temporal, Lat lateralization, MDT multidisciplinary team, £M encephalomalacia, HS
hippocampal sclerosis, AC arachnoid cyst, PMG polymicrogyria, HF hemorrhagic foci, FCD focal cortical dysplasia, HTP heterotopia

spread function (PSF) ordered subset expectation maximiza-  simultaneously started with PET acquisition at the same bed
tion (OSEM) algorithms with 28 subsets and 3 iterations, position. MR attenuation correction (MRAC) used the atlas-
followed by a 3-mm Gaussian filter. The MRI sequences were ~ based method.
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Table2  Neuroimaging results of all 41 patients have no knowledge of which image was acquired at early time
Neuroimaging Localization  Lateralization ~ Uncertain/  POIT Of delayed.tlme point. They COmPared the d{fference of
technique negative the labeled EZ with the contralateral region on PET images and
selected the image with the most obvious difference, and then
VEEG 23 15 3 graded the selected images by using a 3-point scale: 0, no dif-
PET (dual time point) 40 ference; 1, slight difference; 2, obvious difference.
MR imaging 24 0 17

VEEG video electroencephalogram

An eight-channel head coil was used. The MRI sequences
include T1-weighted 3D brain volumetric (BRAVO) imaging
(gradient echo, flip angle 12°, TE/TR = 2.5/6.9 ms, section thick-
ness 1 mm), axial-T2 with periodically rotated overlapping par-
allel lines with enhanced reconstruction (PROPELLER) (fast
spin echo, TE/TR =104/9000 ms, section thickness =3 mm),
axial-T2 fluid-attenuated inversion recovery (FLAIR) (fat-sup-
pression fast spin echo, TE/TR =104/9000 ms, time of inver-
sion =2475 ms, section thickness =3 mm), diffusion-weighted
imaging (DWI, b values=0 and 1000 s/mm?), susceptibility-
weighted imaging (SWI, gradient echo, flip angle=15°, TE/
TR =4/45.5 ms, section thickness =3.0 mm), and 3D arterial
spin labeling perfusion—weighted imaging (3D ASL-PWI, post
label delay = 1.5 s, section thickness = 4.0 mm).

Visual evaluation

The EZs on PET images at the same section acquired at both
early and delayed time points were marked with arrows. The
paired PET images were randomly assigned to two junior radi-
ologists (Song Y and Song W). The two junior radiologists

Quantitative analysis of data

For SUV quantification and asymmetry index (Al) in brain
cortical regions, an individual brain atlas registered with the
'"F-FDG PET image was generated by statistical parametric
mapping (SPM12, http://www fil.ion.ucl.ac.uk/spm/software/
spm12) based on 3D MR TI1 images and automated
anatomical labeling (AAL, http:/www.gin.cnrs.fr/en/tools/
aal/) atlas with 120 cortical regions. The data processing
flow chart is shown in Fig. 1.

The 3D MR BRAVO T1 image data were segmented in
SPM12 to generate white matter (WM), gray matter (GM),
and cerebrospinal fluid (CSF) tissue probability maps
(TPM). The deformation field image also obtained during
the segmentation was used to nonlinearly deform the AAL
atlas in Montreal Neurological Institute (MNI) template space
to the data acquisition space where the atlas was registered
with the PET/MRI. Then, the individual patient’s GM in the
MR images was defined in voxels with largest tissue proba-
bility in GM TMP and compared with WM and CSF TMPs
and then was intersected with the deformed AAL atlas to
obtain a final individual AAL atlas. To be applied in PET,
the individual AAL atlas was down-sampled to match the
resolution of the PET image and the SUV ¢, in each cortical

Step1: SPM12 Segmentation (early scan)

Step4: early and delayed Scan Registration

Rigid registration
—_—

(SPM12)

delayed: '8F-FDG PET early:'8F-FDG PET

¥

DT Te N

[y
\-7 183
“-» Deformed to data space ar

AAL Atlas (MNI space) deformed AAL Atlas

Step2: Individual Atlas Generation

Locate GM area

Individual (Atlas N GM)

Step3: Quantification
Sampling to match
PET resolution

8F-FDG PET + Atlas

Fig. 1 Flow chart of data quantitative analysis. WM, white matter; GM,
gray matter; CSF, cerebrospinal fluid; TPM, tissue probability map; AAL,
automated anatomical labeling; MNI, Montreal Neurological Institute. Step
1: The 3D MR BRAVO T1 image data of early scan were segmented in
SPM12 to generate inverse deformation matrix image and WM TPM, GM
TPM, and CSF TPM. Step 2: The inverse deformation matrix image was
used to nonlinearly deform the AAL atlas to generate deformed AAL atlas.
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Then, the individual patient’s GM TMP was intersected with the deformed
AAL atlas to obtain a final individual AAL atlas. Step 3: The individual
AAL atlas was down-sampled to match the PET resolution and the
SUV jean 10 €ach cortical region was extracted. Step 4: The delayed PET
was rigidly co-registered with the early PET image and the SUV e, Was
calculated with the same individual AAL atlas
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Table 3 Al variation between early and delayed time points in different groups
Al variation MR imaging Extra-TLE/TLE Delayed time point
MRI-positive MRI-negative Extra-TLE TLE Short delay Long delay
(n=24) (n=17) (n=31) (n=10) (n=32) (n=9)
A2 > All 95.8% (23/24) 88.2% (15/17) 96.8% (30/31) 80.0% (8/10) 93.7% (30/32) 88.9% (8/9)
A2 <AIl 42% (1/24) 11.8% (2/17) 3.2% (1/31) 20.0% (2/10) 6.3% (2/32) 11.1% (1/9)

All Al at early time point, A/2 Al at delayed time point

region was extracted. For delayed imaging, the '*F-FDG PET
was rigidly co-registered with the early PET image and the
SUVean Was calculated with the same individual AAL atlas.
The Al was calculated with SUV o in the EZ and the
contralateral cortical regions using the following formula:

Al = 100%*2*#(SUV pean_cont—SUV nean_EZ) /(SUV pean_cont + SUV pean_ EZ)
(1)

The value of 100 added to the formula is to improve the
scale for better data viewing.

The Al values at the early time points were marked as
“All,” and the AI values at the delayed time points were
marked as “Al2.” The difference in Al between the two time
points was marked as AAI

AAI = A2-ATI (2)

Statistical analysis

Bland-Altman consistency analysis was applied to derive the
Als and a paired 7 test was used to compare the Als for MRI-
positive with MRI-negative, extra-TLE and TLE, and short de-
lay and long delay. The kappa test was performed to evaluate the

Bland-Altman analysis of Als at dual time points

30 | © MR- (1st: 42.3+9.4min, 2nd: 150.1+20.2min)
© MR+ (1st: 42.3+9.4min, 2nd: 150.1+20.2min)
+ MR- (1st: 44.6+10.6min, 2nd: 247.8+24 6min)
+MR+ (1st: 44.6+10.6min, 2nd: 247.8+24.6min)

o}

20+ (¢} 1
. 15 (+1.96SD)
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P 10 -
" @ + o 3.7 [mean)
° GDP 5 0 0°
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10+ ' 7.5(:1.965D) |
0 10 20 30 40 50 60
(AI1+AI12)/2

Fig. 2 Bland-Altman analysis of Als at the early and delayed time points
(MR+, MRI-positive; MR-, MRI-negative)

consistency of visual assessment of the two observers. The
Mann-Whitney U test was used to compare the scores of the
two observers. A P value <0.05 was considered statistically
significant for the paired ¢ test and the Mann-Whitney U test.
For the kappa test, the kappa coefficient for the degree of agree-
ment was defined as follows: poor agreement =< 0.20; fair
agreement = 0.20-0.40; moderate agreement = 0.40-0.60; good
agreement = 0.60-0.80; very good agreement = 0.80—1.00.

Results
SUV ean Al results of dual time point "®F-FDG PET

Among the 41 cases, 38 (92.7%) cases had a larger Al at the
delayed time than at the early time post-injection. The Al
increased 95.8% in the MRI-positive patients, 96.8% in the
extratemporal subjects, and 93.7% in the short delay subjects
during the dual phase, which is higher than that in the MRI-
negative, TLE, and long delay subjects (88.2%, 80.0%, and
88.9% respectively). There were only three cases with a de-
creased Al, including one case of MRI-positive with extra-
TLE (hemorrhagic foci in the superior frontal gyrus) at short
delay time, 1 case of MRI-negative with TLE at long delay
time, and 1 case of MRI-negative with TLE at short delay
time. The AAIs of these 3 cases were —1.94, — 1.53, and —
0.01, respectively (Table 3).

As shown in the results of the Bland-Altman analysis of
Als at dual time points (Fig. 2), the Als of delayed time points
were increased by a mean of 3.7 over the early time points,
except for three beyond the limits of agreement.

The Als were all significantly higher at the delayed time
point in all groups. The AAls were 3.71£3.50 and 4.67 +
7.94 for MRI-positive and MRI-negative; 4.52+6.70 and
2.51+2.42 for extra-TLE and TLE; and 4.24 +6.52 and
3.46 £2.90 for short delay and long delay groups, respective-
ly. Among the groups, the highest All and highest AI2 were
found in the MRI-positive group. The lowest All and lowest
AI2 were found in the MRI-negative group. The MRI-
negative group showed the highest AAI, while the temporal
group showed the lowest AAI between the dual time points.
The AALI of the short delay subjects (dual time points were
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Table4 Alsand AAlatearly and

delayed time points in different Groups All A2 AAl P value
groups

MR imaging MRI-positive 17.76 = 11.26 21.47 +13.92 3.71 £ 3.50 0.0000

MRI-negative 13.55 + 12.54 18.08 + 18.27 4.67 +794 0.0009

Extra-TLE/TLE Extra-TLE 1531 £ 12.08 19.98 + 16.95 4.52 £6.70 0.0000

TLE 17.40 + 11.82 19.91 + 13.61 2.51 £242 0.0098

Delayed time Short delay 15.55+11.30 19.80 + 16.30 424 +£6.52 0.0000

Long delay 17.08 + 14.28 20.54 + 15.30 3.46 £ 2.90 0.0098

AIl Al at early time point, A2 Al at delayed time point, AAI AI2-All

42.5+9.4 min and 150.1 £20.2 min) was higher than that of
the long delay subjects (dual time points were 44.6 = 10.6 min
and 247.8 +24.6 min) (Table 4).

The differences in SUV,,,c.n between EZs and contralateral
regions in the two time groups were compared (Fig. 3). Both
the SUV,can Values of EZ (red circle) and the contralateral
region (black circle) were increased at the delayed time point
compared with those at the early time point at shorter and
longer delays. But the SUV can increment in EZ side was less
than that in the contralateral side.

Visual consistency analysis

The two observers, who had no knowledge of which images
were early or delayed, compared the pairs of early time point
and delayed time point images and selected the image with
more obvious difference between the sides. Among the select-
ed images from these two observers, 85.4% and 82.9%, re-
spectively, were selected as the delay time point images. The
kappa value between the two observers was 0.66 with good
agreement. Based on the scores of all the images, there was no
significant difference between the two observers. Figure 4

SUV,...... of EZ and contralateral region at dual time points

127 | , q
| o—EZ
| —O— Contralateral
1+ ' 1
|
|
|
10 - : 9.9
|
H |
E 9r- |
>
3 [ 8.5
729 |
| o)
8 |8 O”' | 8.2
7.9 |
I o~
7r | 7.3
|
|
|
6
earlytime shortdelay time earlytime long delay time
42.5min 150.1min 44.6min 247.8min

Fig.3 SUV,can variation of EZ and contralateral region at the short delay
and long delay times
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shows 4 different cases of EZ identification for dual time point
PET images and MR images.

Discussion

In this study, we prospectively included 41 epileptic patients
to acquire '*F-FDG PET/MRI with early and one of two in-
tervals of delayed imaging. By quantitative analysis of the
differences in SUV can, Al as well as visual evaluation of
differences between early and delayed imaging, epileptic foci
had more obvious relative hypometabolism compared with
the contralateral regions on the delayed imaging than that on
the early imaging. To the best of our knowledge, this is the
first study to confirm that delayed PET/MRI could be used to
better identify the EZ with relatively greater metabolic asym-
metry between the EZ and contralateral regions.

Integrated PET/MRI is playing an increasingly important role
in presurgical evaluation of EZ [14, 15]. PET/MRI can demon-
strate pathologic findings by combining anatomic and metabolic
abnormalities simultaneously acquired by MRI and PET. In this
study, high-resolution MRI and functional MRI sequences, such
as 3D BRAVO T1WI, T2WI, T2-FLAIR, SWI, and 3D ASL
perfusion, offered accurate diagnostic information for subtle foci
of encephalomalacia, small hemorrhagic foci, hippocampal scle-
rosis, arachnoid cysts, and brain malformations. These anatomic
abnormalities corresponded with focal hypometabolism on PET.
Some studies have shown good concordance between electro-
clinical data and the functional MR imaging data [16]. In addi-
tion, 3D ASL provides perfusion information and helps to con-
firm EZ localization. In another study, 8F_FDG PET combined
with 3D ASL increased the sensitivity and specificity for EZ to
100% and 90.9%, respectively [17]. Although in our study the
localization of EZ was determined based on combining the clin-
ical information, EEG, PET, and MRI findings by a consensus
panel, and were not confirmed by surgical pathology, the results
were still credible, and other studies have supported this ap-
proach [16, 18]. Without any ionizing radiation, MRI is the ideal
anatomical imaging method for hybrid DTPI PET studies.

Based on currently accepted knowledge, hypometabolic
brain foci are indicative of interictal EZs. Long-term recurrent
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MR

T2-FLAIR

T2-FLAIR

Fig. 4 EZ identification for dual time point PET images and MR images
(EZs were marked with arrows). The EZs (arrows) were identified by com-
prehensive analysis of hypometabolic areas on dual time point PET, hypo-
perfusion on ASL-CBF, and MRI abnormalities. For all cases, focal
hypometabolic areas were more severe at the delayed time point. Case A
(patient no. 19): MRI-positive (small patches of hemorrhage in the left
precuneus shown on SWI images) and extra-TLE at long delay time. The
EZ was localized in the left precuneus. The Als were 30.14 and 36.07 at the
dual time point. Case B (patient no. 13): MRI-negative and extra-TLE at

seizures can cause additional morphological and functional
abnormalities of neuron cells, including glucose transfer
protein-1 dysfunction, neuron degeneration, neuronal loss,
and decreased synaptic activity. These abnormalities lead to
a lower '®F-FDG uptake in the EZ compared with the contra-
lateral region [3, 4, 17]. In this study, all the patients were
interictal at the time of PET/MRI examination. The goal was
to find the hypometabolic focus to localize the EZ. SUV ,can
was used to quantify '®F-FDG uptake in cortical regions, the
Al was applied to quantify the differences between the EZ and
contralateral regions, and AAI was applied to quantify the Al
differences between early time and delay time points.

With prolonged time, both the EZ and the contralateral
region had increased '*F-FDG uptake at the delayed time
point compared with that of the early time point, but the in-
creased '®F-FDG uptake in EZ was less than that in the

Early PET

Delayed PET ASL-CBF

o

long delay time. The EZ was localized in the right parietal lobe. The Als
were 5.01 and 10.20 at the dual time point. Case C (patient no. 26): MRI-
negative and TLE at short delay time. The EZ was localized in the right
temporal lobe. The Als were 9.29 and 11.14 at the dual time point. Case D
(patient no. 11): MRI-positive (swelling with hyperintensity in the left tem-
poral lobe shown on T2-FLAIR images) and TLE at short delay time. The
EZ was localized in the left temporal lobe. The Als were 23.07 and 27.27 at
the dual time point

contralateral side due to the abnormalities of involved neuro-
nal cells. As a result, at delay time, the Al of the EZ and the
contralateral cortex increases. In this study, the Al was in-
creased by a mean of 3.7 over that at the early time point.
The difference between the EZ and the contralateral cortex
glucose metabolism was more obvious at the delayed post-
injection interval, making it easier to identify hypometabolic
areas by visual evaluation. Among all groups in our study, the
MRI-positive group showed the highest Al at both early and
delayed time points. The hypometabolism in the lesions, es-
pecially in the encephalomalacia and hemorrhagic foci, can be
easily identified at early time point. The MRI-negative group
had the smallest Al at the early time point, but the biggest AAI
between dual time points, suggesting metabolism asymmetry
may be subtle at the early time point for MRI negative pa-
tients, but became obvious at the delayed time. However, it
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should be pointed out that 2 out of 17 MRI-negative patients
showed decreased Al at delay time; therefore, a further study
with increased samples is needed.

Confirmed by EEG, MRI, and PET, 10-20% of temporal
lobe epilepsy has shown hypometabolism in the contralateral
region [3]. The possible mechanism could be that there are
abnormal neural network activities in the cortex. The seizure
discharge could be propagated by pathways of callosal fibers
and fornix, suppressing the function of contralateral regions
[3, 19]. The above reason will increase the difficulties of iden-
tifying the asymmetry in both hemispheres for cases with EZ
in the temporal lobes by visual evaluation. In our study, min-
imal AAI was found in the TLE patients, with slightly further
decreased Als in two cases at the delay time. Although there
were significant differences between the early and delayed
Als in TLE, the additive value of delayed time 8F_FDG on
TLE is not as high as that in extra-TLE.

The exact time of '*F-FDG uptake plateauing in the cortex
is still unclear, since '"*F-FDG uptake is still concentrating
after 90 min [8, 20, 21]. For the published reports of DTPI
PET for brain lesions, the delayed time of imaging after injec-
tion varies greatly from 30 min to 9.4 h [9, 22]. In our study,
the early scan time was relatively fixed, about 40 min after
injection, while the delayed scan time varied. Therefore, the
cases were divided into two groups: a short delay time (mean
2.5 h) and a long delay time (mean 4 h). For both shorter and
longer post-injection delay times, the Als at the delayed time
points were increased compared with the Als at the early time
point. But as the delay time extended, no greater AAI was
found in the long delay cases than that in the short delay cases.
In our study, the 2.5-h delay time seems better than the 4-h
delay time, not only because of more noticeable asymmetry
but also because it is more convenient for patients. A study of
three-phase PET/CT body examination in differentiating be-
tween malignant and benign lesions also showed that a shorter
delayed phase interval (110 min) was superior to a longer
delayed phase interval (233 min) [13].

Although we proved that delayed '*F-FDG hybrid TOF-
PET/MRI is a feasible method to identify EZ, a few limitations
existed in our study. First, we lacked surgery and histopatho-
logical confirmation as the gold standard. In our study, the EZ
was identified by combined clinical history, EEG, PET, and
multiple MRI sequences. But as mentioned before, the
electro-clinical data has good concordance with functional
MR, and the combination of PET and MRI had high sensitivity
and specificity for identifying the EZ [16, 17]. Second, all the
patients were imaged at only two time points. A dynamic PET
acquisition may help to show the course of glucose uptake by
the EZ as well as to find an optimal delay time. Third, PET was
not performed with a concomitant EEG. The concomitant
monitorization with EEG is helpful to avoid a subclinical epi-
leptic seizure which may cause reduced sensitivity in PET.
Finally, in this study, to match the adult structure atlas better

@ Springer

and avoid the effects of sedative medicine on "*F-FDG uptake,
children under 12 years were excluded, in spite of the high
incidence of epilepsy in children. Whether children are also
suitable for delayed PET still needs further study.

Conclusions

Delayed '"*F-FDG PET/MRI can be used to better identify the
epileptogenic zone with relatively greater metabolic asymme-
try between the EZ and contralateral regions.
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