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’; FMZ-PET to assess the efficacy and the
mechanism of ketogenic diet in patients
with infractable epilepsy

Objective: A ketogenic diet (KD) is a strict dietary protocol that incorporates high-fat, low-protein, and low-carbohydrate foods.
Increasing the levels of ketones became an eventual and effective treatment strategy for medically refractory epilepsy. Although
several theories on the rationale for the anticonvulsant efficacy of KD have been hypothesized, the most important anticonvulsant
mechanism of KD is still unknown. This study is the first report that evaluated the mechanism underlying the effect of KD in patients
with intractable infantile epilepsy using FMZ-PET imaging studies.

Methods: Six patients with intractable epilepsy (two females/four males; seizure-onset age: 0-30 months) were enrolled in this study.
Medication-refractory seizures continued in all patients despite treatment with the anti-epilepsy drugs (AEDs), followed by two types
of KD therapy; the classical KD menu or the MAD regimen. All patients underwent FMZ-PET before KD and at 1-5 months after induction
of KD. Dynamic FMZ-PET scanning was acquired, followed by assessment of the BP images using the graphic plot method of Logan.

Results: In KD-effective patients, the BPs of FMZ before KD were 1.31, 1.60 and 1.50 and those after induction of KD were 1.89, 2.13
and 2.07, respectively. In KD-partially effective patients, the BPs of FMZ before KD was 1.95 and 2.47 and those after induction of KD
were 2.10 and 2.71, respectively. Conversely, in KD-ineffective case, the BP of FMZ was decreased from 3.91 before KD to 3.58. The BP-
change ratios were 1.44, 1.33 and 1.38 in the KD-effective patients, 1.08 and 1.10 in the KD-partially effective patients, and 0.92 in the
KD-ineffective one.

Conclusion: The results of current study suggested that KD may control seizures by increasing BP of BZR and that FMZ-PET imaging
would be useful to assess the efficacy of KD therapy in patients with intractable epilepsy.
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investigated [11-14]: (a) the production of
ketones, (b) the glucose restriction, (c) the
elevation of free fatty acids, or (d) the metabolic

Introduction
A ketogenic diet (KD) is a strict dietary

protocol that incorporates high-fat, low-protein, S ) ‘
and low-carbohydrate foods and has been used modification of neurotransmitter synthesis and
since the 1920s. In KD, the energy source for the release. Specifically, ketosis would modify the
body comes from using fats instead of glucose; tricarboxylic ‘acid (TCA) cycle and increase
. . . . glutamate levels and y-Aminobutyric acid
this process is called ketosis. For some patients [15] synthesis, which would then enhance

with epilepsy, seizures were prevented when the . .
briepsy, b GABAergic output. However, no mechanism

body made ketones [1,2]. Therefore, increasing has been widely accepted so far because these

the levels of ketones became an eventual and . e
concepts have been difficult to clarify in in

effective treatment strategy for medically
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who failed on medications had a greater than important anticonvulsant mechanism of KD is

50% reduction in seizures, and approximately (1| unknown

10% of children who failed on medications
Molecular imaging by positron emission

tomography [16] with "C-flumazenil (FMZ)
has been useful in the assessment of patients

became completely seizure- and medication-
free [2]. Since the development of the modified
Atkins diet (MAD) at Johns Hopkins Hospital

as a more palatable and less restrictive dietary having  neural damage, including  epilepsy,

because FMZ binds to the benzodiazepine site

treatment for intractable epilepsy than classical i
of the GABA, receptor complex in humans [17-

KD [3], reports of successful use of MAD in

children with intractable epilepsy have been 20]. We also have investigated neural damage in

published [4-10].

the the
KD effects, several hypotheses have been

For proposed mechanism of

ISSN 1755-5191

patients with cerebrovascular diseases using the
specific parameter of the binding potential (BP)
of FMZ to the GABA, receptor complex in the
human brain [21-24].
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This study is the first report that evaluated
the mechanism underlying the effect of KD in
patients with intractable infantile epilepsy and
that focused on the changes of the binding
potentials (BP) of a specific ligand FMZ
to benzodiazepine receptor (BZR)- related
GABA,-R functions using on FMZ-PET
studies.

Materials and Methods
B Patients

We had precious experiences with six patients
with intractable epilepsy (two females/four
males; seizure-onset age: 0-30 months) who
were enrolled in this study. There were tonic
spasms in five patients and non-convulsive
status epilepticus and tonic and hyper-motor
seizures in one patient. Medication-refractory
seizures continued in all patients despite
treatment with the anti-epilepsy drugs (AEDs),
such as sodium valproate (VPA), clobazam
(CLB), lamotrigine (LTG), phenobarbital
[25] or topiramate (TPM), followed by KD
therapy introduced after enough understanding
about this diet therapy and agreement of their
parents. Two patients began the classical KD
regimen and four began the MAD protocol. The
clinical diagnoses were performed by pediatric
neurologists using clinical manifestations, such
as the style and frequency of seizures and the
findings on electroencephalogram. Within
1-5 months after KD therapy induction, three
patients had improved and two had partially
improved; however, the KD therapy was
ineffective in one patient because the seizures
continued and the abnormal EEG spike and
waves were still present. In reference to case #3,
we reported the efficacy of KD in 2012 [26].

The institutional review board approved
the protocol of this prospective investigation.
All enrolled patients/their parents received
thorough explanations and displayed sufficient
understanding; they then provided written
informed consent regarding this study.

W KD therapy protocol

The two types of KD protocol — the classical
KD menu or the MAD regimen — were the
therapies implemented in this study, as had been
described in previous reports [1,27,28]. Two
dietitians were responsible for all contacts with
the families throughout the hospitalization.
Before admission, the dietitians estimated
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the caloric requirements of each patient and
identified their favorite foods by interviewing
the parents.

For classical KD, the typical ratio of fats to
carbohydrates and protein (in terms of grams)
was 3:1. For the MAD menu, the carbohydrate
content of the diet was restricted to 10 g/day
at the initiation of the diet therapy, and the
total calorie content was adjusted to the routine
caloric intake. If the patients felt hungry, we
allowed an increase of the total daily calories
in the diet without exceeding the carbohydrate
restriction of 10 g daily. Fiber was included in
the 10 g of carbohydrates. In the diet, there
were no restrictions for the intake of fluids and
proteins and no changes in the AED regimen.

B PET imaging and data analysis

All patients underwent FMZ-PET before
KD and at 1-5 months after induction of KD.
PET scans were performed using a whole-body
Advance scanner (General Electric Medical
System, Milwaukee, Wisconsin), which
permitted simultaneous acquisition of 35 image
slices with an inter-slice spacing of 4.25 mm
[29]. A transmission scan was performed using
68Ge/68Ga for attenuation correction in each
subject before tracer administration. When
reconstructing the PET data using filtered
back projection, the images were blurred to
a 6.0 mm full width at half maximum in the
trans-axial direction using a Hanning filter.
HC-flumazenil (FMZ) was used according to
the previously described standard procedure
[24,29,30]. The FMZ was synthesized in house
by "'C-methylation of demethylated-flumazenil
(Hoffmann-La Roche, Basel, Switzerland).
Specific activities at the time of injection ranged
from 16.2 to 20.2 (mean 17.8) GBq/mmol.
During PET imaging, all patients were sedated
with an intravenous injection of thiopental
sodium (5 mL/kg) while monitoring vital signs.
After the slow intravenous injection of 75-130
MBq of FMZ into a peripheral vein using an
automatic injector over 60 s, a 50 min dynamic
PET scan was initiated at the same time as the
tracer administration with frame durations of
10sx6,15s%x 8,30 s x4,60sx5,5min x 4

and 10 min x 2.

All PET images were fused with the magnetic
resonance (MR) images of each subject

using the PMOD software ver. 3.1 (PMOD;
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Ziirich, Switzerland) for the interpretation
and calculation of the binding potential (BP)
of FMZ and for the graphical analysis of the
non-invasive parametric image. The BP of
FMZ was calculated using dynamic data and a
Logan graphical analysis of reference tissue in
which the pons was used as the reference region
[29,31,32]. We sclected two tomographic
planes that corresponded to the pons from
the average-tissue activity image that had been
obtained from the early phase of the dynamic
PET data with periods of 1-3 min. We manually
placed these two planes on an irregular region
of interest (ROI) that included almost all pixels
that had activity ranging from the maximum
pixel value to 50% of the maximum value. This
method had been validated using the data from
normal volunteers after comparison with the
pons identification on a co-registered MRI [29];
however, it is ideal to place the ROIs on the co-
registered MRI images in each patient. These
ROIs were transferred to the dynamic PET
data for the creation of the parametric images
in FMZ BP. The PET images were interpreted
and visually assessed by two experienced nuclear
medicine physicians who had access to all
available clinical information. We compared
the relationship of the clinical outcome of each
patient with the values of PET before and after
the KD treatment. Changes in the mean value
of BP in the cerebral cortex in each patient were

also analyzed.

Results
As summarized in TABLE 1, the BPs of FMZ
in the cerebral cortex before KD were 1.31,

# Sex Age at KD Sortof Outcome

KD of EEG before KD
1year 10 . .
1 Male months MAD Effective  Improved Disappeared 1.31 1.89 (1 month after KD)
2 Female 1year4 months MAD Effective  Improved Disappeared 1.60 2.13 (1 month after KD)
3 Female 4%2?1?}1151 MAD Effective  Improved Disappeared 1.50 2.07 (1 month after KD)
4 Male 1year2months Classical Partla.IIy .Partlally Continued 1.95 2.10 (1 month after KD)
KD effective  improved
5 Male  2Years8  Classical - Partially - Partially gy oy 247 2.71(1 month after KD)
months KD effective  improved
6 Male 2years 2 MAD Ineffective . Not Continued 3.91 3.58 (1 month after KD)
months improved

infractable epilepsy

1.60 and 1.50 and those after induction of KD
were 1.89, 2.13 and 2.07 in patients in whom
seizures disappeared and EEGs improved; as
KD-effective, case #1-3. In the two patients
whose seizures were persistent or were reduced
in frequency and whose EEGs were partially
improved, the BPs of FMZ in the cerebral
cortex before KD were 1.95 and 2.47 and those
after the induction of KD were 2.10 and 2.71,
respectively; as KD-partially effective, case #4
and 5. In contrast, the 26 month old male (case
#6) did not respond despite the induction of
MAD; as KD-ineffective. His BP of FMZ in
the cerebral cortex had decreased from 3.91
before KD to 3.58 two months after the KD
initiation. The changes of BP of FMZ during
KD are shown in FIGURE 1. The ratios for the
BP-changes were 1.44, 1.33, and 1.38 in the
KD-effective patients, 1.08 and 1.10 in the KD-
partially effective patients, and 0.92 in the KD-
ineffective one (TABLE 2).

FIGURE 2 shows a representative case
of a KD-effective patient (case #1) who had
experienced refractory epilepsy while being
treated with several AEDs (VPA, CLB, and LTG).
The seizures of this patient had disappeared 4
days after the initiation of the MAD protocol.
The BP of FMZ was increased and there was no
abnormal BP region in the parametric image
at one month after KD. FIGURE 3 shows a
case of a KD-partially effective patient (case
#4). His seizures were partially improved but
continued after one month of classic KD. The
hypsarrhythmia that was found on EEG before
KD had partially improved to a modified
hypsarthythmia after KD. The BP of FMZ
in the cerebral cortex showed no change, and

Change Seizure BP of FMZ BP of FMZ after KD

KD: ketogenic diet; MAD: modified Atkins diet; BP: binding potential

Imaging Med. (2018) 10(1)

Change

ratio of BP

1.44
133
138

1.08

1.10

0.92
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Sex

Male

Female

Female

Male

Male

Male

Age at
seizure
onset

3 months
1year1

months

2years 4
months

0 month

2 years 6
months

8 months
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Age at Underlying Epilepsy Seizure type Medication Sortof Outcome
KD disease classification KD
1year 10 Unknown . Symptomatlc Tonic spasms VPA,CLB,LTG  MAD Effective
months infantile spasms
1 year 4 Trisomy-21 . Symptomatlc Tonic spasms None MAD Effective
months infantile spasms
Non-convulsive status
i epilepticus
4years 11 Unknown Symptomatlc focal p. p. VPA, ZNS, MAD Effective
months epilepsy Tonic seizures CLB
Hypermotor seizures
1year2 Symptomatic . Classical Partially
months Unknown infantile spasms Tonic spasms PB KD effective
2years8 Severe birth Symptomatic Tonic spasms None Classical Partially
months asphyxia infantile spasms P KD effective
2years 2 Unknown . Symptomatlc Tonic spasms TPM MAD Ineffective
months infantile spasms

VPA: sodium valproic acid; CLB: clobazam; LTG: lamotrigen; ZNS: zonisamide; PB: phenobarbital; TPM: topiramate; KD: ketogenic diet;

MAD: modified Atkins diet
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Figure 1. The changes of BP of FMZ during KD in all patients. In KD-effective patients (Case #1, 2
and 3) increased BP of FMZ. Case #6 who worsened despite the induction of KD decreased BP of FMZ.

a decrease in the BP area was detected in the
bilateral lobe; this
indicated that a focal lesion may be the cause
of his seizures. Conversely, in FIGURE 4, the
seizures continued despite two months of KD.

fronto-temporo-parietal

His modified hypsarrthythmia was insisted and
BP of FMZ was decreased. A decreased BP area
was detected in the right frontal region on PET
imaging after KD.

Discussion
KD therapy has been clinically useful as a

Imaging Med. (2018) 10(1)

dietary therapy in patients with intractable
epilepsy. Its composition of high-fat, low-
carbohydrate foods is believed to
neurological excitability; however, details of

alter

the underlying molecular mechanisms remain
unknown. Several proposed mechanisms for
the effect of KD have been recently described
[11-14]. The first theory evaluated the role
production of ketones, such as BHB, ACA,
and acetone. Ketones have been shown to
possess anticonvulsant properties in vivo, but

there has been no evidence that they directly



FMZ-PET to assess the efficacy and the mechanism of ketogenic diet in patients with
infractable epilepsy

beforeKD

LtFpC
RLFpC
LtcP
REC-P
LtP-0
RtP-0
LeFpal
RtFp-aT
LtaT-mT
RtaT-nir
Ltnir-0
RtniT-0

FMZ BP image

after KD (1 month)
improved

iiﬁWwWwMﬁ}
Lece vwmﬂmmm

thpmw\/\m |

M;WM |
e
LtFpar, A

RtFpa,

o A e oo
LtniT-0 WW /.gwrf\(f‘\ |
MOMW AN AT

JWWWM/\
— v mean value of BP in the cerebral cortex =189

Figure 2. Representative case of KD-effective patient (case #1) who had experienced refractory
epilepsy while being treated with several AEDs (VPA, CLB and LTG). The BP of FMZ was increased,
and there was no abnormal BP region in the parametric image at one month after KD.
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Figure 3. Representative case of KD-partially effective patient (case #4). The hypsarrhythmia that
was found on EEG before KD had partially improved to a modified hypsarrhythmia after KD. The BP
of FMZ in the cerebral cortex showed no change and a decrease in the BP area was detected in the
bilateral fronto-temporo-parietal lobe.
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Figure 4. A case of KD-ineffective patient. The seizure continued despite two months of KD. The
modified hypsarrhythmia was insisted and BP of FMZ was decreased. A Decreased BP area was
detected in the right frontal region in the PET image after KD.

facilitate these effects. Acetone may activate K,
channels, which hyperpolarize cell membranes.
The second theory assessed the role of glucose
restriction. The K, channels may open to
hyperpolarize the neurons and glia, and the
brain-derived neurotrophic factor and kB
signaling, which can promote hyper-excitability
and kindling, would be downregulated.
Experiments  involving  2-deoxyglucose to
inhibit glycolysis have provided further support
for the glucose-restriction hypothesis of KD
action. The third possibility examined the
role of elevated free fatty acids, particularly
polyunsaturated fatty acids (PUFAs). Direct
actions on ion channels can inhibit both voltage-
gated Na* and Ca® channels and activate K,
channels and Na/K-ATPase; indirect actions on
neuronal excitability can boost the activity of
the uncoupling proteins (UCPs), which would
limit the generation of reactive oxygen species
(ROS). The indirect actions also can upregulate
PPARa expression, which can diminish the
IL-1B involved in neuronal hyper-excitability
and seizure generation and can stimulate
mitochondrial biogenesis, which can enhance
energy reserves and lead to stabilized synaptic
function. Another proposed mechanism
involved the role of metabolic modifications

Imaging Med. (2018) 10(1)

in neurotransmitter synthesis and release. KD
enhances norepinephrine (NE) release, which
prevents seizure activity in animal models
[33,34]. Ketosis would modify the TCA cycle
and increase glutamate and GABA synthesis.
Mitochondrial ~ biogenesis  also  enhances
GABAergic output.

In this study, we had the precious experience
of investigating six infants with medication-
intractable epilepsy who had been treated with
KD therapy and undergone FMZ-PET imaging
before and after the diet therapy. All patients
who improved after KD induction showed an
increased BP of FMZ, indicating the activation
of the central BZR- related GABA,-receptor
(GABA,-R) function in the brain. In contrast,
KD-ineffective patients whose clinical condition
worsened demonstrated a decreased BP of FM
indicating a decrease in GABA -R function.

We have surmised that there may be several
rationales for the increase in BP of FMZ after
KD. In one hypothesis, KD enhances the
GABA,-R function. Pumain et al. reported
that KD enhanced the GABA,-R function by
upregulating GABA, -R phosphorylation with an
increase in the kinase activity of glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) [35].
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This evidence supports our hypothesis. Another
hypothesis hints at another possibility. In
the ketotic state, accelerated consumption
of oxaloacetate occurs. Oxaloacetate is then
less available as a reactant of the aspartate
pathway, which couples
with the glutamate—aspartate interchange via

aminotransferase

transamination to the metabolism of glucose
through the TCA cycle. Less glutamate is
aspartate.  Therefore,
glutamate is available for the synthesis of GABA
through glutamic acid decarboxylase [30]
which is also increased by KD [37]. Another
possibility is that the increased GABA levels
induced by KD enhance the affinity of GABA, -
Rforbenzodiazepine ligands (GABA shift) [38].
We also found that the interictal periods during
the FMZ-PET studies could affect the GABA,-R

function. The frequencies of seizures in patients

converted to more

were significantly different between before and
after KD although both FMZ-PET studies were
performed during the interictal state. Bouvard et
al. reported that FMZ- PET showed a seizure-
related short-term plasticity of the BZR system
in mesial temporal lobe epilepsy patients; this
suggested that the regulatory mechanisms of the
neurotransmitter system could be studied with
FMZ-PET imaging [39]. However, the changes
in BP of FMZ over the diffuse cortex as in our
cases were not reported in this paper. Pearl et
al. also reported a decreased BP of FMZ on
FMZ-PET in seven patients with succinic semi-

aldehyde dehydrogenase deficiency [40].

In addition, it is necessary to consider the
influence of the drug used for sedation in the
PET study. Since all subjects received sedative
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treatment before PET imaging with the same
method, same dose rate, same injection route,
and same timing, the influence was considered
equivalent to the brain of the drug. Also, there
were patients who were taking benzodiazepine
drugs as AEDs (CLX, VPA). We determined
that it did not have a major impact in the
interpretation of the FMZ-PET images.

In the current study, the small number
of subjects was a study limitation. Since the
population of intractable infantile epilepsy
patients is relatively small, it was not easy
to register enrollees in this clinical study.
Nonetheless, further investigation is needed.

Conclusion

In conclusion, we performed FMZ-PET
studies on patients with intractable epilepsy
before and after the initiation of the KD therapy.
An increase in BP of FMZ was observed in the
parametric BP images of FMZ-PET that were
obtained after the initiation of KD, compared
with the images obtained before KD in three
patients. However, in one KD-ineffective
patient, BP of FMZ decreased during diet
therapy. These findings suggested that KD may
control seizures by increasing BP of BZR and
that FMZ-PET imaging would be useful to
assess the efficacy of KD therapy in patients with

intractable epilepsy.
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