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Background In drug-resistant epilepsy, surgical resection of the epileptic focus can end seizures. However, success
is dependent on the ability to identify foci locations and, unfortunately, current methods like electrophysiology and
positron emission tomography can give contradictory results. During seizures, glucose is metabolized at epileptic
foci through aerobic glycolysis, which can be imaged through the oxygen-glucose index (OGI) biomarker. However,
inter-ictal (between seizures) OGI changes have not been studied, which has limited its application.

Methods 18 healthy controls and 24 inter-ictal, temporal lobe epilepsy patients underwent simultaneous positron
emission tomography (PET) and magnetic resonance imaging (MRI) scans. We used [18F]fluorodeoxyglucose-PET
(FDG-PET) to detect cerebral glucose metabolism, and calibrated functional MRI to acquire relative oxygen con-
sumption. With these data, we calculated relative OGI maps.

Findings While bilaterally symmetrical in healthy controls, we observed, in patients during the inter-ictal period,
higher OGI ipsilateral to the epileptic focus than contralateral. While traditional FDG-PET results and temporal lobe
OGI results usually both agreed with invasive electrophysiology, in cases where FDG-PET disagreed with electro-
physiology, temporal lobe OGI agreed with electrophysiology, and vice-versa.

Interpretation As either our novel epilepsy biomarker or traditional approaches located foci in every case, our work
provides promising insights into metabolic changes in epilepsy. Our method allows single-session OGI measure-
ment which can be useful in other diseases.
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Research in Context

Evidence before this study

In epilepsy, patients’ quality of life is dramatically
reduced by seizures, caused by brain activity emerging
from some part of the brain. Which part of the brain
causes seizures will differ between patients, but these
brain regions are collectively referred to as epileptic
foci. In patients where drugs are ineffective, surgery to
remove the epileptic focus may help, but it must be
located first. Invasive electrical recording can locate foci
but, prior to this surgery, the approximate location must
be found via non-invasive imaging. However, non-inva-
sive imaging often disagrees with invasive electrical
recording, and the cost of this mistake is high. Thus, fur-
ther non-invasive methods are urgently needed. One
such method may come from an understanding of
metabolism. The first step in metabolizing glucose, gly-
colysis, doesn’t require oxygen, so will relatively
increase if there is a lack of oxygen. But, when a larger
than normal amount of glycolysis occurs despite suffi-
cient oxygen being present, this is known as “aerobic
glycolysis.” Epileptic foci undergo increased aerobic gly-
colysis during seizures, and likely their aerobic glycolysis
changes between seizures as well, though the latter has
not been studied yet. Thus far, studies have been lim-
ited as current methods require multiple imaging ses-
sions or rarely available, radioactive chemicals.
However, combined PET-MRI systems allow us to mea-
sure oxygen with MRI, and glucose with PET, and thus
non-invasively in a single session measure the OGI, a
measure of aerobic glycolysis.

Added value of this study

We measured aerobic glycolysis using OGI in both
healthy controls and epilepsy patients in a single ses-
sion using the combined PET-MRI method. We chose
patients who had epilepsy located in their temporal
lobes, and imaged their brains in the period between
seizures. While healthy controls had the same OGI on
both sides of their temporal lobes, patients had signifi-
cantly higher OGI on the side of their epileptic foci than
the other side, indicating less aerobic glycolysis. While
in most cases both the current standard method and
our novel method agreed with invasive electrical
recording, in all cases where the standard method dis-
agreed with invasive electrical recording, our method
agreed with it.
Implications of all the available evidence

Our work demonstrates that in temporal lobe epilepsy
patients in the period between seizures, aerobic glycoly-
sis is lower near the epileptic focus than the other side.
Furthermore, aerobic glycolysis provided additional
diagnostic information as it agreed with invasive electri-
cal recording whenever standard methods did not.
Beyond epilepsy, our combined PET-MRI method for
OGI also could be applied to other diseases where aero-
bic glycolysis is disturbed, such as effects of previous
malnutrition, Huntington’s disease, Alzheimer’s disease,
and metabolic disorders. Our method is easily imple-
mented in combined PET-MRI scanners which have
already been installed in many hospitals worldwide,
with the number expected to increase in the near
future.
Introduction
Affecting about 65 million people worldwide,1 epilepsy
is a chronic and recurrent disorder of the brain charac-
terized by epileptic seizures due to abnormally excessive
or synchronous neuronal activity, usually emerging
from a brain region known as the epileptic focus. In
drug-resistant epilepsy, resecting the epileptic focus can
end seizures, but it must be located first. For magnetic
resonance imaging (MRI) negative epilepsy, one cur-
rently-used method first requires a positron emission
tomography (PET) of [18F]fluorodeoxyglucose (FDG) to
locate a brain region with reduced glucose metabolism,
followed by the surgical implantation of electrodes to
record a stereo-electroencephalograph (SEEG) signal to
precisely locate the epileptic focus prior to resection.
However, FDG-PET results can disagree with SEEG,2

and since SEEG and seizure resection are invasive, the
cost of misdiagnosis is high. Thus, non-invasive
approaches to characterizing epileptic foci would signifi-
cantly benefit disease treatment.

One characteristic of epileptic foci, not used in cur-
rent evaluation criteria, is that they undergo “aerobic
glycolysis” during seizures. Here, even though oxygen
is present in sufficient amounts for glucose to be fully
oxidized, glycolysis dominates to shunt pyruvate
towards lactate instead of acetyl CoA. The oxygen-glu-
cose index (OGI) is defined as the ratio of oxygen
www.thelancet.com Vol 79 Month May, 2022
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consumption (CMRO2) to glucose consumption
(CMRglc), and thus the inverse of OGI in the brain
reflects the extent of aerobic glycolysis.3,4 OGI has
already been used as a neurological biomarker in stud-
ies of malnutrition recovery5 and Huntington’s Dis-
ease.6 Furthermore, even healthy subjects show a
modest decrease in OGI during normal brain activity.7

Since aerobic glycolysis is known to occur at epilep-
tic foci during seizures when they both accumulate
and release larger than normal amounts of lactate,8

OGI is a potential method for both locating epileptic
foci and also diagnosing epilepsy based on metabolic
characteristics.

However, two key issues make measuring OGI in
patients with epilepsy difficult. First, while existing liter-
ature only describes OGI changes during seizures,8

scanning during seizures presents major problems,
including difficulties with scheduling scans to coincide
with seizures, as well as the heightened risk to patients
who might be experiencing the convulsions of grand
mal seizures and might be unable to communicate.
Therefore, it is much preferable to undertake clinical
imaging of patients with epilepsy when they are
between seizures, i.e., during the “inter-ictal” period.
However, the effect of epilepsy on OGI during this
inter-ictal period is unknown.

Second, PET is the classical method of measuring
OGI, but this approach presents major problems in clin-
ical imaging. Here, the independent measurement of
oxygen metabolism and glucose metabolism requires
two separate tracers, FDG for glucose and 15O-O2 for
oxygen. 15O-O2 is not widely available and it also has a
dramatically shorter half-life (»2 minutes) than FDG
(»2 hours). Therefore, measuring both in the same ses-
sion requires many technical assumptions that
complicate OGI calculations. Therefore, past OGI meas-
urements (in healthy subjects) have typically involved
collecting FDG and 15O-O2 scans on different days,3,4

complicating clinical use.
Here, we present a study of OGI in epilepsy patients

and healthy controls that focused on changes in OGI at
patients’ epileptic foci using a single measurement ses-
sion. It is well-established that, at epileptic foci, glucose
metabolism is lower during the inter-ictal period relative
to both surrounding tissue and the contralateral side.1,9

However, changes in glucose can be difficult to interpret
without also knowing changes in oxygen metabolism.
OGI could reveal aerobic glycolysis changes which are
due to oxygen and glucose consumption changing
together when either individual change could be too
small to detect.

To perform OGI imaging in a single session using a
combined PET-MRI (magnetic resonance imaging)
scanner, we developed a technique that measures oxy-
gen metabolism with a calibrated functional MRI
(fMRI) method instead of PET10 methods, which
require multiple scanning sessions,3 increasing patient
www.thelancet.com Vol 79 Month May, 2022
stress, number of hospital visits, and radiation expo-
sure. Rather than the blood-oxygen level dependent
(BOLD) signal measured by traditional fMRI, calibrated
fMRI methods measure CMRO2 through a biophysical
model for BOLD signal. While many calibrated fMRI
methods require administering CO2, we used a method
that was recently developed in rodents11 that uses relax-
ometry instead of gas exposure.10,12-14 As modern PET-
MRI scanners allow simultaneous recording of both
modalities, calibrated fMRI can be combined with FDG-
PET to measure both oxygen and glucose and achieve
OGI measurement in a single session. Our approach
allows the detection of altered OGI at epileptic foci ver-
sus the contralateral brain location, providing a new
diagnostic parameter in terms of locating the lateraliza-
tion of the epileptic focus and a better understanding of
the metabolic effects of epilepsy.
Methods

Subjects
In this study, 24 patients (37.5% female, 30.7§9.7 years
old) with intractable medial temporal lobe epilepsy, and
18 controls (44.4% female, 48.1§9.6 years old) were
enrolled to compare between brain hemispheres using
PET-MRI measurements of physiology, including the
biomarker OGI. Each subject provided one measure-
ment. All participants were recruited and scanned by
Ruijin Hospital from August 2018 to July 2020. All
patients underwent surgical resection after the SEEG
evaluation and a minimum of 12 months postoperative
follow-up to assess seizure outcome using the Engel
Epilepsy Surgery Outcome Scale.15 Seizure outcomes of
patients were rated from Class I to Class IV. The mean
follow-up period was 15.5§5.6 months (range 12»30
months). Twenty-one patients who met the criteria for
Engel class I were classified as seizure-free. Three
patients who met the criteria for Engel Class II or III
(one or more recurrent complex partial or secondarily
generalized seizures) were classified as not seizure-free
(Table 1).
Inclusion and exclusion criteria
For the healthy control group, the inclusion criteria
were: (1) the subject went through an overall physical
exam; (2) the subject does not have any brain disease;
and (3) does not have any metabolic dysfunctions.

For the patient group, the inclusion criteria were: (1)
subject was diagnosed with intractable medial temporal
lobe epilepsy; (2) subject was not diagnosed with any
other brain diseases or metabolic dysfunctions, and (3)
subject underwent an SEEG exam.

Age, gender and other covariates were not treated as
exclusion criteria. After exclusion criteria, there were 18
participants available from the healthy control group,
3



Clinical characteristics Healthy control Temporal lobe epilepsy

Number of subjects, n 18 24

Gender, Female, n (%) 8 (44.4%) 9 (37.5%)

Age at evaluation (years), mean § SD (range) 48.1§9.6 (36-63) 30.7§9.9 (10-46)

Age of onset (years), mean § SD (range) / 16.6§10.4 (2-38)

Course of epilepsy (years), mean § SD (range) / 14.1§9.9 (1-40)

Seizure frequency (per year), mean § SD (range) / 41.7 § 38.1 (4-120)

Left epilepsy, n (%) / 18 (75.0%)

Postsurgical outcome, n (%)

Engel Class Ⅰ / 21 (87.5%)

Engel Class Ⅱ-Ⅳ / 3 (12.5%)

Follow up duration, month, mean § SD (range) / 15.5§5.7 (12-30)

Table 1: Demographic data of healthy controls and epilepsy patients.
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and 24 epilepsy patients’ data. This was decided to be
sufficient for our study as it was an approximately equal
number in each group. As our study was exploratory of
(previously unknown) aerobic glycolysis during the
inter-ictal period, all data were used instead of selecting
a reduced sample size for statistical purposes.
Ethics
The study was conducted in accordance with the Hel-
sinki Protocol and was approved by the Ethics Commit-
tee of ShanghaiTech University (IRB#2021-002) and
the Ethics Committee of Shanghai Ruijin Hospital,
Shanghai Jiao Tong University School of Medicine (No.
2016-123). For all included participants, written
informed consent was provided.
PET-MRI acquisition
Scanning was performed on a hybrid PET-MRI Siemens
Biograph mMR scanner (Siemens Healthineers, Erlan-
gen, Germany) using a 12-channel phase-array head
coil. All subjects fasted for at least 6 hours before receiv-
ing an injection of 183.6 § 32.0 MBq 18F-FDG while
resting in a quiet, dimly lit room. They went through a
simultaneous PET-MRI scan 40 min later, including
static 18F-FDG-PET, sagittal T1-weighted imaging
(T1WI), axial Pulsed Arterial Spin Labeling (PASL), axial
transverse relaxation time (T2) mapping, and axial
observed transverse relaxation time (T2*) mapping.
PASL images were converted to quantitative cerebral
blood-flow maps with the built-in QUantitative Imaging
of Perfusion using a Single Subtraction (QUIPSS)
method.16,17 For T1WI, we used Magnetization Prepared
RApid Gradient Echo (MPRAGE) sequence, echo time
(TE) = 2.44 ms, repetition time (TR) = 1900 ms, flip
angle = 9�. For T2* mapping, we used Gradient
Recalled Echo (GRE) sequence: TE = 2.46 / 4.92 / 7.38
/ 9.84 ms, TR = 391 ms, flip angle = 25�. For T2 map-
ping, we used Spin Echo (SE) sequence: TE = 10.5 / 21.0
/ 31.5 / 42.0 /52.5 / 63.0 ms, TR = 2000 ms, flip
angle = 180�. For axial PASL: TE = 11 ms,
TR = 2500 ms, flip angle = 90�.
SEEG and surgery
Each epilepsy patient underwent SEEG electrode
implantation navigated by their PET-MRI images to
locate their possible epileptic focus. Guided by SEEG
and PET-MRI results, clinicians diagnosed an epileptic
focus location and resected this location immediately
after the electrodes were removed. As this was the first
study in epilepsy patients, epileptic foci were located
using the existing methods including PET, anatomical
MRI, and SEEG. Calibrated fMRI or OGI data were not
used in this capacity. See Supplementary Methods 1 for
detailed information.
Data analysis
We retrospectively analysed PET-MRI imaging data
after surgery had been completed and was evaluated.
Data analysis was performed at ShanghaiTech Univer-
sity. As our study was exploratory of (previously
unknown) aerobic glycolysis during the inter-ictal
period, subjects’ images were not blinded between
healthy controls and epilepsy patients, nor randomized
left vs. right side.
Relative OGI calculation. The methods used to calculate
relative OGI are summarized in Figure 1. After data pre-
processing, we used MATLAB (2020b, The MathWorks,
Inc., USA) to calculate the metabolic maps. All images
were registered into a 1 mm MNI template and only
selected regions of high grey matter volume (low partial
volume of other tissues) were retained (Supplementary
Table 1). Further calculations were done in MNI space.

We used a calibrated fMRI method that does not
require gas exposure based on the previous work of
Kida et al.12, Shu et al.14, and Xu et al.11 which we have
used previously to calculate CMRO2 in mice.11 A sum-
mary of the theory is repeated in Supplementary
www.thelancet.com Vol 79 Month May, 2022



Figure 1. Flowchart of relaxometry-based calibrated fMRI. Different Modalities of PET-MRI data were used, including T1-
weighted image (T1WI), T2, T2*, PASL and

18F-FDG PET. All images were registered into the MNI template before calculation and sta-
tistics. The final results of relative OGI are presented as z-scores.

Articles
Methods. The difference between relaxation rates R2*
(or 1/T2*) and R2 (or 1/T2) is characterised by R2'
(Eq. (1)), which is the part of the MRI signal that reflects
non-homogeneous paramagnetic field alterations. This
method uses R2' as a proxy for deoxyhemoglobin con-
tent. R2' is combined with cerebral blood flow (CBF) in
a biophysical model18 to estimate the relative cerebral
metabolic rate of oxygen (relative CMRO2) (Eq. (2), a full
derivation is given in Supplementary Methods Equa-
tions S1-S6). In this work, we used the specific values
for the blood oxygen-volume coupling parameter a and
physical parameter b from Griffeth and Buxton
(a = 0.14, b = 0.91).19

R0
2 ¼ R�

2 � R2 ¼ 1

T�
2

� 1

T2
ð1Þ

relative CMRO2 ¼ 4 ¢CBF ¢ R0
2

CBFa

� �1
b

ð2Þ

The standardized (glucose) uptake value (SUVglc) ref-
erenced to the body weight was calculated as described
in Eq. (3):

SUVglc ¼ decay corrected actitvity concentration

injected activity = body weight
ð3Þ

The OGI is normally calculated as the ratio of oxygen
metabolism to glucose metabolism and expressed on a

scale between 0 (no glucose oxidized) and 6 (1 glu-

cose + 6 O2 fully converted to 6 H2O + 6 CO2).
3 How-

ever, since we are using relative measurements for both

the CMRO2 (Eq. (2)), a normalizing method was used.

Relative CMRO2 measurements were converted to z-

scores by subtracting the mean of the grey matter and
www.thelancet.com Vol 79 Month May, 2022
dividing the standard deviation, since the relative
CMRO2 model was designed for grey matter.18 The z-
score of each voxel can be calculated by Eq. (4):

z ¼ v� m

s
ð4Þ

where z is the z-score, v is the voxel value, m is the mean
value of all voxels, s is the standard deviation.

When we treat all grey matter voxels in relative
CMRO2 maps as a statistical population, this creates a
hypothetical Gaussian distribution, N(0,1), and we apply
the same conversion to SUVglc. If z-scores of relative
CMRO2 and SUVglc are subtracted, positive deviations
indicate OGI that is greater than the whole-area grey
matter, and negative deviations will indicate lower OGI/
aerobic glycolysis than the whole-area grey matter:

relative OGI ¼ zrelative CMRO2 � zSUVglc ð5Þ
We can thus measure relative OGI in the epileptic

foci to determine effects.
Statistics. The Shapiro-Wilk normality test was used to
check the data distribution within each brain region and
mean value distributions across brain regions. With
normality confirmed, we used paired-sample, two-tailed
t-tests to compare the differences between left and right
hemispheres (healthy controls) or affected and contra-
lateral hemispheres (patients) at the 0.05 confidence
level. Two-sample, two-tailed t-tests were used to test
the difference between two groups with different sizes.
p-values are ***p � 0.001, **p � 0.01, *p � 0.05. The
Sequential Goodness of Fit (SGoF) method20 was used
5
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for multitest correction and all significance marked in
the figures passed it.
Role of Funders
This work was supported by ShanghaiTech University,
the Shanghai Municipal Government, the National Nat-
ural Science Foundation of China Grant (No.
81950410637) and Shanghai Municipal Key Clinical
Specialty (No. shslczdzk03403). F. H. and P. H. were
supported by USA National Institute of Health grants
(R01 NS-100106, R01 MH-067528). Z. W. was sup-
ported by the Key-Area Research and Development Pro-
gram of Guangdong Province (2019B030335001),
National Natural Science Foundation of China (No.
82151303), and National Key R&D Program of China
(No. 2021ZD0204002). The funders had no active role
in study design, data collection, data analyses, interpre-
tation, or writing of this manuscript.
Results

Relative OGI is bilaterally symmetrical in healthy
subjects
Per subject, the SUVglc was determined from the [18F]FDG
infusion using PET, whereas MRI provided independent
measures of CBF and R2' to determine relative CMRO2.
The SUVglc and relative CMRO2 were then combined to
determine relative OGI on a voxel-by-voxel basis. A sum-
mary of data processing method is shown in Figure 1.

We found that the average z-score maps of the 18
healthy subjects were largely bilaterally symmetrical in the
grey matter of the temporal lobe for all four modalities,
CBF, relative CMRO2, SUVglc, relative OGI (Figure 2a)
(and magnetic parameter R2' (Supplementary Figure 1)).
The relative OGI in healthy subjects was similar to a previ-
ous study that measured absolute CMRO2 with

15O-O2 PET
in healthy subjects (Supplementary Figure 2).3 There was
also a small but significant difference in CBF in the hippo-
campus (pair-sample t-test, df = 17, t = 2.226,
p = 0.039832, Figure 2b), and in SUVglc in the temporal
lobe (pair-sample t-test, df = 17, t = 2.122, p = 0.048817,
Figure 2d). This asymmetry may be due to the compara-
tively older subjects who were available as controls.21 How-
ever, the temporal lobe and the hippocampus showed no
significant differences in relative CMRO2 and relative OGI
(pair-sample t-test, df = 17, p > 0.05) between the left and
right hemispheres (Figure 2c and e). Results outside the
temporal lobe and hippocampus are detailed in the supple-
mentary information (Supplementary Figure 3).
FDG-PET and relative OGI are asymmetrical in temporal
lobe epilepsy patients
The data processing methods described above were also
applied to patients’ data. For temporal lobe epilepsy
patients, there are significant differences between the
ipsilateral (affected) and contralateral (unaffected) hemi-
spheres, as shown in the representative right and left tem-
poral lobe epilepsy subjects in Figure 3a and b,
respectively. For the subject shown in Figure 3a, SUVglc

located the correct side as verified by SEEG, and the OGI
results agreed, being higher in the right temporal lobe of
the affected side than the unaffected side. However, for the
subject shown in Figure 3b, the results from SUVglc failed
to locate the side of the epileptic focus, yet relative OGI
was higher on the left side than the right side, as verified
by the SEEG traces from this patient (Figure 3c and d).
Results outside the temporal lobe, and magnetic relaxation
parameter R2’ are detailed in the supplementary informa-
tion (Supplementary Figure 1 and 4). Among 24 patients,
there was no significant difference between affected and
contralateral sides in CBF (Figure 3e) and relative CMRO2

(Figure 3f). However, SUVglc showed significantly lower
values in the temporal lobe (pair-sample t-test, df = 23, t = -
2.813, p = 0.0098595) and hippocampus (pair-sample t-
test, df = 23, t = -2.847, p = 0.0091322) on the affected side
than the unaffected side (Figure 3g), and relative OGI
showed significantly higher values in the temporal lobe
(pair-sample t-test, df = 23, t = 5.444, p = 1.5594£10�5) and
hippocampus (pair-sample t-test, df = 23, t = 2.326,
p = 0.029193) on the affected side versus the unaffected
side (Figure 3h).
Relative OGI may offer complementary information to
FDG-PET
To test the potential of relative OGI as a complementary
method for epilepsy lateralization, we calculated the match
rate of predicted brain hemisphere for the epileptic focus
between SUVglc, relative OGI, and SEEG (Figure 4a and
b). For the temporal lobe, while 83.3% of SUVglc tests and
75.0% relative OGI tests matched SEEGwhen only the sin-
gle metric was considered, at least one out of the two met-
rics, SUVglc or relative OGI, always matched SEEG for all
24 patients. For the hippocampus, the result is similar, but
8.3% of tests in which relative OGI and SUVglc matched
each other but not SEEG. While preliminary, our results
suggest that relative OGI offers diagnostic information
beyond what oxygen or glucose imaging alone offers, in
particular for cases where glucose imaging through PET
may be inconclusive.

Interestingly, in a posthoc analysis, we found that
while PET had a better match rate with SEEG overall,
relative OGI has a better match rate with SEEG in the
temporal lobe in both patients in the earlier course of
the disease (had epilepsy for fewer years) and patients
of younger age. (Note that, there is substantial overlap
between these groups, as younger patients have had the
disease for less time.) Alternately, in the hippocampus,
OGI may match SEEG better in the latter groups for
both course and age (Figure 4c). However, more data
are needed for definitive conclusions, particularly from
patients where PET and SEEG do not match.
www.thelancet.com Vol 79 Month May, 2022



Figure 2. Mean maps of healthy subjects and statistics on temporal lobe and hippocampus. (a) Mean maps of CBF, relative CMRO2 z-scores, SUVglc, and relative OGI z-scores of 18
healthy subjects. (b-d) Means of CBF (b), relative CMRO2 z-score values (c), SUVglc (d), and relative OGI (e) z-score values of left and right temporal lobe and hippocampus. Mean values of the
left (circles) and right (triangles) brain regions within the same subject are connected by grey lines. The difference between population means in the left and right hippocampus in CBF is
slightly significantly different from pair-sample t-tests, p = 0.039831. Abbreviations: l_temporal = left temporal lobe, r_temporal = right temporal lobe, l_hippo = left hippocampus,
r_hippo = right hippocampus.
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Figure 3. Representative patients with temporal lobe epilepsy and statistics across different brain regions. (a) Maps of CBF,
relative CMRO2 z-scores SUVglc and relative OGI z-scores (as labelled in b) from one typical temporal lobe epilepsy patient where the
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Discussion
To improve epilepsy diagnosis and to understand how it
differs across patients, new imaging methods that can
act as biomarkers are needed.1 We used a simultaneous
PET-MRI scanner to measure both oxygen metabolism
with calibrated fMRI and glucose metabolism with
FDG-PET. We found that calculating OGI from these
data revealed more information than either oxygen or
glucose metabolism alone, because the glycolytic shunt
is indicative of biosynthesis pathways.22 Thus, our
detection of increased OGI during the inter-ictal phase
on the ipsilateral hemisphere to epileptic foci may help
clinicians understand individual patients’ aetiology.
While metabolic networks based on FDG-PET have
sometimes been considered an objective biomarker for
the assessment of certain treatments,23 OGI appears to
provide complementary information to glucose uptake,
which may help locate or rank epileptic foci. In addition,
of the three patients with poor outcomes (Engel class II
or III), two of them had a bilateral disruption in relative
OGI, whereas SEEG and SUVglc in those patients were
only disrupted on one side (Supplemental Table S3).
Hypothetical source of increased OGI during inter-ictal
periods
Metabolic disturbances at the epileptic focus are known
to persist for 90 minutes to 2 hours after seizures8 24

and return to normal within 24 hours25. In our study,
there was a delay of at least 24 hours between the most
recent seizure and imaging. Thus, our observations are
firmly within the inter-ictal period. While the present
study is limited by not having direct measurements of
metabolites, we can hypothesize as to the source of
increased OGI we observed.

At present, measuring glucose use in the brain with
18F-FDG is a prominent method of locating epileptic foci
and classifying epilepsy types26 during the inter-ictal
period. This is because the epileptic focus, versus sur-
rounding tissue and the contralateral equivalent region,
has greater glucose metabolism during seizures but lower
during the inter-ictal period1,9. While OGI is likely lower
during seizures than the inter-ictal period due to the
increase in lactate efflux,8 we observed higher OGI during
SEEG, PET and OGI all identified the epileptic focus on the right side
pus on the affected right side of the brain. (b) Maps of CBF, relative
poral lobe epilepsy patient, in which PET results were inconclusive,
The red circle indicates the abnormal values from this study on the
trace of the seizure origin for the patient from b. Ictal SEEG recordin
hippocampus (brown arrow) and left amygdala (blue arrow) and sp
described in Supplementary Table 2. (d) Left lateral view of the rec
tions of the right hemisphere electrodes are shown in red, co-registe
dala) and brown (left hippocampus) show the position of the elec
relative CMRO2 z-score values (f), SUVglc (g), and relative OGI (h) z-sc
The differences of the population mean on the left and right brain r
pair-sample t-tests, **0.001<p<0.01, ***p<0.001. In SUVglc (g), p = 0
relative OGI (f), p = 1.5594£10�5 for temporal lobe, p = 0.029193 for
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the inter-ictal period on the side of the epileptic focus rela-
tive to the other side. Relative CMRO2 was not significantly
different. This supports an aetiology of the inter-ictal period
being marked by decreased glucose metabolism yet having
the same oxygen supply. However, as OGI seems to pro-
vide additional information to glucose measurements
alone (e.g., Figure 4) non-significant oxygen metabolism
changes may exist in concert with glucose changes to alter
local aerobic glycolysis.

An important question remains: why would the relative
level of glycolysis be lower in the epileptic focus than in
healthy tissue in the inter-ictal period? In healthy subjects,
Fox, et al. previously observed that OGI will also decrease
in healthy brain tissue when the immediate energy need is
high and the slower oxidative phosphorylation cannot keep
pace with glycolysis.7 Under normal conditions this would
result in lactate efflux to balance the carbon load27,28 or
increase the ratio of NADH to NAD+.29-31 However, under
epilepsy, the outpacing of oxidative phosphorylation by gly-
colysis would be even more excessive.8

Metabolic stress on the neural tissue at the epileptic
focus triggers cellular and sub-cellular changes which con-
tinue into the inter-ictal period. As these changes include
altered shapes of mitochondria, affecting oxygen metabo-
lism, and more astrocytes, affecting pyruvate transport32 it
is possible that these alterations could allow increased oxy-
gen metabolism during the inter-ictal period. Interestingly,
some subjects did have higher relative CMRO2 on the
affected hemisphere than the other hemisphere, though
this was not significant on a group level, and the inter-
hemispheric difference of OGI exceeded that of relative
CMRO2 (Figure 3). If higher relative CMRO2 at the epileptic
focus (relative to contralateral or surrounding tissue) does
exist in some patients, this would support this hypothesis;
however, further study is needed.
OGI and the course of epilepsy
The comparison between averages from subjects who had
suffered from epilepsy for under ten years, versus those
who had suffered for over ten years, suggests that, on aver-
age, over the course of epilepsy there is a change from
OGI at seizure foci being more lateralized (subjects with
epilepsy under ten years) to glucose hypometabolism being
. The red circle indicates the abnormal values in the hippocam-
CMRO2 z-scores, SUVglc and relative OGI z-scores from one tem-
but in which SEEG identified the epileptic focus on the left side.
affected left side, which agree with the SEEG results. (c) SEEG
g showed that continuous, repetitive spikes arose from the left
read to the central area. The indices indicate the brain region as
onstructed 3D MRI brain image of the patient from b. The posi-
red with the MRI image. The red dots circled in blue (left amyg-
trodes that detected abnormal discharges. (e-h) Mean CBF (e),
ore values of the left and right temporal lobe and hippocampus.
egions in SUVglc and relative OGI are significantly different using
.0098595 for temporal lobe, p = 0.0091322 for hippocampus. In
hippocampus.
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more lateralized (subjects with epilepsy over ten years).
While any mechanism would be speculation at this point,
this suggests that OGI may be a better biomarker for early
epilepsy while its effectiveness decreases over time. How-
ever, more data, particularly longitudinal, are needed to dis-
tinguish the metabolic changes caused by epilepsy or
ageing.33 Such longitudinal effects may not be possible to
study ethically in human subjects as it would require a lon-
gitudinal study on untreated epilepsy patients, thus animal
models may prove helpful here.
Outlook
The source of the altered metabolism during the inter-ictal
period also requires further study, e.g., whether glucogene-
sis, e.g., during the ictal period, could be contributing to
brain glucose metabolism and also altering neurotransmit-
ter balance, such as glutamate vs. gamma-Aminobutyric
acid (GABA) and glutamate vs. glutamine. Magnetic reso-
nance spectroscopy of endogenous hydrogen (1H nucleus)
has been used in epilepsy patients previously25 and is feasi-
ble for investigating glutamate vs. GABA34, and similar
techniques on exogenous carbon (13C) for glutamate vs.
glutamine cycling35. Our study provides further support for
the importance of glycolysis vs. oxidative metabolism dif-
ferences in epilepsy, in particular as it suggests the seizure
foci may commit less glycolysis during the inter-ictal
period than surrounding brain tissue. As several therapies
for reducing relative glycolysis levels have been used for
epilepsy, e.g. ketogenic diet36 or 2-deoxy-D-glucose admin-
istration37, it would be interesting to use OGI to monitor
such treatments for effectiveness.
Conclusion
Our OGI method based on aerobic glycolysis is fast, simple
and feasible. It could conceivably be implemented in any
hospital with a combined PET-MRI system. As our method
allows OGI imaging within a single session, it also has
potential for use in other diseases where aerobic glycolysis
may be disrupted; in particular, effects of previous malnu-
trition5, age-related dementia,38 Huntington’s Disease,6

and metabolic disorders. While further work is necessary,
our method provides OGI as a new biomarker for epilepsy,
and provides insight into the metabolic effects of epilepsy
in inter-ictal periods.
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