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FDG-PET and MRl in the Evolution of New-Onset Refractory

T. Strohm,

ABSTRACT

Status Epilepticus

C. Steriade, ““'G. Wu, &S, Hantus, ““A. Rae-Grant, and ““’M. Larvie

BACKGROUND AND PURPOSE: New-onset refractory status epilepticus is a clinical condition characterized by acute and prolonged
pharmacoresistant seizures without a pre-existing relevant neurologic disorder, prior epilepsy, or clear structural, toxic, or metabolic
cause. New-onset refractory status epilepticus is often associated with antineuronal antibodies and may respond to early immunosup-
pressive therapy, reflecting an inflammatory element of the condition. FDG-PET is a useful diagnostic tool in inflammatory and nonin-
flammatory encephalitis. We report here FDG-PET findings in new-onset refractory status epilepticus and their correlation to disease
activity, other imaging findings, and outcomes.

MATERIALS AND METHODS: Twelve patients who met the criteria for new-onset refractory status epilepticus and who had FDG-PET and
MR imaging scans and electroencephalography at a single academic medical center between 2008 and 2017 were retrospectively identified.
Images were independently reviewed by 2 radiologists specialized in nuclear imaging. Clinical characteristics and outcome measures were
collected through chart review.

RESULTS: Twelve patients underwent 21 FDG-PET scans and 50 MR imaging scans. Nine (75%) patients were positive for autoantibodies. All
patients had identifiable abnormalities on the initial FDG-PET in the form of hypermetabolism (83%) and/or hypometabolism (42%). Eight
(67%) had medial temporal involvement. All patients (n = 3) with N-methyl-D-aspartic acid receptor antibodies had profound bilateral
occipital hypometabolism. Initial MR imaging findings were normal in 6 (50%) patients. Most patients had some degree of persistent hyper-
(73%) or hypometabolism (45%) after immunosuppressive therapy. FDG-PET hypometabolism was predictive of poor outcome (mRS 4—6)
at hospital discharge (P = .028).

CONCLUSIONS: Both FDG-PET hypometabolism and hypermetabolism are seen in the setting of new-onset refractory status epilepticus
and may represent markers of disease activity.

ABBREVIATIONS: ALE = autoimmune limbic encephalitis; EEG = electroencephalography; GABA-B = y-aminobutyric acid B; LGI1 = leucine-rich glioma inactivated
1, NMDA = N-methyl-D-aspartate; NMDA-R = N-methy|-D-aspartate receptor; NORSE = new-onset refractory status epilepticus; VGKC = voltage-gated potassium

channel

N ew-onset refractory status epilepticus (NORSE) is a clinical
condition characterized by prolonged pharmacoresistant
seizures in an individual without active epilepsy or other pre-
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existing relevant neurologic disorders."> Other terms such as
acute encephalitis with refractory, repetitive partial seizures; dev-
astating epileptic encephalopathy in school-aged children; and
febrile infection—related epilepsy syndrome describe the same dis-
ease entity. Although the absence of a clear acute or active toxic,
metabolic, or structural cause is necessary for the diagnosis, the
neuropathology of NORSE includes patients with viral infections
(such as herpes simplex virus 1) and autoimmune syndromes
such as autoimmune limbic encephalitis (ALE).>> Typical find-
ings include the following: hippocampal or neocortical T2-hyper-
intense MR imaging lesions, mild pleocytosis and/or elevated pro-
tein in the CSF, and periodic and epileptiform discharges on
electroencephalography (EEG)." An underlying inflammatory
mechanism has been suggested by the following findings: 1) Up to
two-thirds of patients are found to have an associated neuronal
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cell surface or intracellular antibody,' 2) a proportion of patients
may respond to early immunosuppressive therapy,” "' and 3) el-
evated levels of cytokines interleukin-6 and interleukin-8 return
to normal after treatment, corresponding to clinical improve-
ment.'> Given the substantial morbidity (neurologic disability,
subsequent epilepsy) and mortality associated with the diagnosis
of NORSE, this hypothesis is of interest. The therapeutic implica-
tions, in the setting of prolonged intensive care unit and hospital
stays and frequent anesthetic treatment, highlight a need for the
development of biomarkers to track disease activity and response
to therapies.

Abnormal findings on FDG-PET have been demonstrated in
conditions such as ALE associated with a NORSE syndrome; how-
ever, typical findings and their relevance to disease activity and
outcomes have not been established.!*'* Meanwhile, the use of
FDG-PET is well-established in chronic epilepsy, with interictal
hypometabolism suggesting an abnormal function of neuronal
networks.'>""”

We sought to describe FDG-PET characteristics and associa-
tion of FDG-PET findings with MR imaging, EEG, clinical course,
treatment, and outcome measures in a cohort of patients with
NORSE.

MATERIALS AND METHODS

Patient Selection

We retrospectively identified patients at a single academic insti-
tution from November 2008 to July 2017 in an ALE data base
containing patients with autoimmune encephalitis, rapidly pro-
gressive dementia, and unexplained new-onset seizures. The data
base was searched using the keyword “seizures.” Among 26 pa-
tients with seizures, 12 patients were identified as fulfilling the
consensus definition of NORSE,? all of whom had undergone
both FDG-PET and MR imaging. The mean age was 40 years
(range, 14—78 years), and 10 (83%) patients were female.

Antineuronal antibody panels were performed from serum
and/or CSF of all patients (7 [58%] with both) by commercial
laboratories (Athena Laboratories, ARUP; Mayo Medical Lab-
oratories, Rochester, Minnesota) and included a combination
of the following: glutamic acid decarboxylase 65; voltage-gated
potassium channel (VGKC); leucine-rich glioma inactivated 1
(LGI1); contactin-associated protein 2; y-aminobutyric acid B
(GABA-B); a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid; N-methyl-D-aspartate (NMDA); antineuronal nu-
clear antibody 1, 2, 3; antiglial nuclear antibody 1, 2; Purkinje-
cell antibody 1, 2; and amphiphysin and anti-Tr antibodies.
Eleven (92%) had NMDA antibody testing, and all patients had
VGKC antibody testing. EEG was performed within 24 hours
of FDG-PET in 11 (92%) patients. All patients received immu-
nosuppressive therapy, with 11 (92%) undergoing FDG-PET
following treatment.

The electronic medical record was reviewed for patient char-
acteristics, hospital course, results of diagnostic testing, treat-
ment, and outcome at hospital discharge and last follow-up ap-
pointment. Three patients did not have follow-up after hospital
discharge.

Approval from the Cleveland Clinic IRB was obtained, and
consent was waived due to the retrospective nature of this study.

FDG-PET Imaging

['®F] FDG (185-370 MBq) was injected intravenously. Imaging
was performed approximately 45—60 minutes later using a Bio-
graph 6 PET/CT scanner (Siemens, Erlangen, Germany). The PET
emission scan was obtained using a 15-minute acquisition with 1
bed position. PET images were reconstructed using the following
parameters: CT attenuation-correction Fourier rebinning, trim
sonogram (brain mode), ordered subset expectation maximiza-
tion, 6 iterations, 8 subsets, 3-mm Gaussian filter, matrix size =
168 X 168, zoom = 2X, and match CT slice location using 2-mm
slice thickness. Reconstructed images were reviewed both with
and without attenuation correction. Attenuation-correction CT
parameters were the following: extended FOV = 700 mm, 130
kV(peak), 20 mAs, 3.0-mm slice thickness, 2.0-mm slice incre-
ment, 3 X 6 mm collimation, B31s kernel.

MR Imaging Acquisition

All MR imaging was performed using clinical protocols. Scans
were performed on 1.5T and 3T scanners (Siemens) with proto-
cols designed to provide comparable imaging results from all
scanners used for patients in this study; accordingly, no effort was
made to use a single scanner. T1, T2, T2 FLAIR, and diffusion-
weighted images were routinely obtained. SWI or another sus-
ceptibility sequence was performed in most scans. Postcontrast
T1-weighted images were obtained following intravenous ad-
ministration of gadoterate meglumine.

Imaging Review

All FDG-PET and MR imaging scans were independently re-
viewed by 2 board-certified radiologists specialized in nuclear im-
aging. Qualitative evaluation was performed by visual inspection
using FDG-PET images coregistered with the most recent MR
imaging scan. Semiquantitative analysis was performed using a
parametric data base comparison with age-matched control sub-
jects as implemented in syngo.via (Siemens). Abnormal findings
were characterized as hypermetabolism or hypometabolism and
classified according to the brain structure involved, including
lobes and, when appropriate, substructures such as the perirolan-
dic region, hippocampus, amygdala, striatum, and cerebellar
hemispheres.

Statistical Analysis

Descriptive statistics were performed for each variable, including
means, medians, and SDs for continuous variables and fre-
quencies for categoric variables. Fisher exact tests (2-tailed)
were used for comparisons of categoric variables. Significance
was set at P < .05.

RESULTS

Patient Characteristics

Patient characteristics, presenting clinical features, and serum
and CSF findings are summarized in On-line Table 1. Most pa-
tients (75%) were positive for autoantibodies (GABA-B, n =1;
glutamic acid decarboxylase 65, n =3; N-methyl-D-aspartate re-
ceptor (NMDA-R), n=3; VGKC, n = 1;and LGI1,n = 1),and all
patients were treated with immunosuppressive therapy at a me-
dian of 12.5 days of hospitalization. Most patients had a pro-
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a repeat FDG-PET scan, 4 (67%) had
resolution of hypermetabolic foci and 1
(17%) had resolution of a hypometa-
bolic focus. One complex patient with
NMDA-R antibody encephalitis under-
went 5 FDG-PET scans from the onset of
status epilepticus to day 234 (Fig 2). At
FDG-PET scan
showed marked bilateral occipital and

seizure onset, his

parietal hypometabolism, which per-
sisted throughout his disease course.
In comparison, initial MR imaging
findings were normal in 6 (50%) patients
and remained normal in 3 (25%) patients
on a second MR imaging. All patients had
abnormal findings by the third MR imag-
ing scan. The most common finding was
unilateral amygdala and/or hippocam-

FIG 1. Brain MR imaging, FDG-PET, and EEG findings for P2, a 63-year-old man with glutamic acid
decarboxylase 65 encephalitis and normal brain MR imaging findings at the onset of seizures. A,
Axial T2-weighted FLAIR image at day 12 of status epilepticus shows bilateral hippocampus and
insula T2-weighted hyperintense lesions. B, Axial FDG-PET image at day 12 of status epilepticus
shows bilateral hippocampus, amygdala, and insula hypermetabolism. C, Axial T2-weighted FLAIR
image at day 49 of status epilepticus shows resolution of hippocampal and insula T2-weighted
hyperintense lesions with diffuse atrophy. D, EEG shows left frontotemporal seizures (onset at
black arrow) with bilateral periodic discharges before seizure. E, EEG shows bilateral independent

periodic discharges (black asterisks).

tracted hospital course (median, 48.5 days; range, 19-199 days)
with prolonged status epilepticus (median, 12 days, range, 3-106
days). The clinical examination (correlated with the time of MR
imaging and FDG-PET) is noted in On-line Table 2. All patients
received immunosuppressive therapy (see On-line Table 3 for
details).

FDG-PET and MR Imaging Findings

FDG-PET, MR imaging, EEG, and clinical examination find-
ings are summarized in On-line Table 2 with a highlighted case
in Fig 1.

All patients had at least 1 FDG-PET scan, obtained a mean of
13 days after the onset of status epilepticus, (range, —5-53 days).
All patients had at least 1 abnormal finding on the FDG-PET scan:
Seven (58%) had hypermetabolism only, 2 (17%) had hypome-
tabolism only, and 3 (25%) had both. Eight (67%) had bilateral
abnormalities, and 6 (50%) had unilateral amygdala and/or hip-
pocampal hypermetabolism. One patient with VGKC-complex
antibody and faciobrachial dystonic seizures secondary to a pre-
sumed LGI1 antibody (not tested) had bilateral basal ganglia hy-
permetabolism. Three patients (25%, all with NMDA-R antibod-
ies) had marked bilateral occipital hypometabolism, and 2 of
them (67%) also had perirolandic hypometabolism. Three pa-
tients (27%) had EEG evidence of seizure at the time of the initial
FDG-PET. There was no association between hypermetabolism
and EEG seizure at the time of FDG-PET acquisition (Fisher exact
test, P = .49).

Six patients had multiple FDG-PET scans. Of these 6, four
(67%) showed new hypermetabolism and 2 (33%) had new hy-
pometabolism, so a total of 5 (83% of patients with repeat FDG-
PET scans) had new abnormalities. Furthermore, of patients with
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pal T2 hyperintensity, with or without
associated swelling. All patients with an
initial abnormal finding on MR imaging
also had hypermetabolism on the first
FDG-PET. No correlation was found
between FDG-PET hypometabolism or
hypermetabolism and abnormal find-
ings on MR imaging (Fisher exact tests
P =1 and .45, respectively).

Other MR imaging findings included superficial cerebral ve-
nous thrombosis with or without a small subarachnoid hemor-
rhage in 2 (17%) and leptomeningeal thickening and enhance-
ment in 2 (17%). Hippocampal or diffuse atrophy or both
occurred in 9 (75%) patients, with a median delay from symptom
onset to the time of identification of the imaging findings of 48
days (range, 19-937 days).

Eleven patients underwent FDG-PET after immunosup-
pressive therapy (Fig 3). Eight (73%) and 5 (45%) patients had
hypermetabolism or hypometabolism, respectively, following
treatment.

Outcome

The mean modified Rankin Scale score at hospital discharge was 4
(median, 4; range, 2-5). Nine patients (75%) followed up at our
institution, with a mean follow-up time of 672 days. The mean
mRS score improved to 2 (median, 1; range, 0—6) at last follow-
up, by which time 5 (56%) patients had returned to baseline or
near-baseline (mRS range, 0-1), 3 (33%) had some deficits but
remained ambulatory (mRS range, 2-3), and 1 patient had died.
Five (56%) continued to have clinical seizures at last follow-up
and were treated with a mean of 2.5 antiepileptic drugs (range,
1-4).

Imaging Predictors of Outcome

FDG-PET hypometabolism (when seen in the initial FDG-PET
obtained) was predictive of poor outcome (defined as mRS 4-6)
at hospital discharge (Fisher exact 2-tailed test, P = .028), while
abnormal findings on MR imaging were not predictive of poor
outcome at discharge (Fisher exact 2-tailed test, P = 1). No ab-



FIG 2. Brain MR imaging and FDG-PET findings for P5, a 22-year-old man with NMDA-R antibody encephalitis. A, Axial T2-weighted FLAIR
image 7 days before the onset of status epilepticus with normal findings. B, Axial T2-weighted FLAIR image 2 days before the onset of
status epilepticus with normal findings. C, Axial T2-weighted FLAIR image at day 28 of status epilepticus shows mild diffuse atrophy. D,
Axial T2-weighted FLAIR image at day 63 of status epilepticus shows moderate diffuse atrophy. E, Axial FDG-PET image at day zero of
status epilepticus shows marked bilateral occipital-greater than-parietal hypometabolism. F, Axial FDG-PET image at day 12 of status
epilepticus shows bilateral inferolateral frontal hypermetabolism with diffuse hypometabolism. G, Axial FDG-PET image at day 56 of
status epilepticus shows resolution of bilateral inferolateral frontal hypermetabolism with diffuse cortical hypometabolism. H, Axial
FDG-PET image at day 88 of status epilepticus shows moderate bilateral occipital-greater than-parietal hypometabolism. I, Axial FDG-PET
image at day 234 following status epilepticus shows mild bilateral occipital hypometabolism.
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FIG 3. Timeline of brain MR imaging, FDG-PET, and the first immunotherapy treatment during initial hospitalization. Not depicted are FDG-PET
2 of P10 at 1397 days and MR imaging 3 of P8 at 415 days.
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normal findings on imaging were predictive of persistent seizures
at last follow-up. Indeed, we did not find an association between
PET hypometabolism (2-tailed Fisher exact test, P = .52) and
abnormal findings on MR imaging (2-tailed Fisher exact test, P =
1) and persistent seizures.

DISCUSSION

We describe FDG-PET and MR imaging findings spanning the
disease course in a cohort of 12 patients with NORSE. We
propose a role for FDG-PET as a biomarker of disease activity
in NORSE by the following: 1) determining regions of brain
vulnerable to encephalitic involvement (amygdala, hippocam-
pus, occipital cortex, sensorimotor cortex, striatum) and dis-
cussing the biologic plausibility in the setting of our under-
standing of mechanisms of NORSE; 2) demonstrating an
evolution of FDG-PET findings during the disease course; 3)
exploring FDG-PET findings as predictors of outcome; and 4)
finally, highlighting a higher proportion of abnormal findings
on FDG-PET compared with MR imaging early in the disease
course independent of EEG findings.

Regional Vulnerability
Our findings illustrate a predilection of certain brain regions
for abnormal metabolism. The most common regions of met-
abolic abnormality, as identified on FDG-PET, are the
amygdala and hippocampus (67% of cases), which are also
regions where MR imaging abnormalities were frequently
identified (42% of cases). In the setting of ALE, medial tempo-
ral and limbic hypermetabolism or hypometabolism has also
been reported,'®'” mirroring abnormalities of the hippocam-
pus and amygdala on MR imaging.*°** This regional predilec-
tion on neuroimaging may reflect an underlying neuroinflam-
matory pathology preferentially affecting the hippocampus,
which may be common not only to ALE but also to NORSE.
Infiltration of inflammatory cells and complement activation
have been shown to lead to parenchymal edema in histopatho-
logic studies of VGKC-antibody-associated ALE, demonstrat-
ing limbic T-cell infiltration with perivascular and parenchy-
mal B-cells in the hippocampus.** Regional predilection may
reflect antigen expression topography and/or, on a broader
level, regional susceptibility to neuroinflammation.>” The lat-
ter is supported by the finding in this study that FDG-PET
medial temporal hypermetabolism was present with multiple
types of antibodies (NMDA-R, glutamic acid decarboxylase 65,
VGKC, GABA-B) as well as cases negative for antibodies.
Other regional vulnerabilities were found in association
with specific antibodies. Bilateral occipital and perirolandic
hypometabolism were noted in patients with NMDA-R anti-
bodies, consistent with previous reports of a frontotemporal-
to-occipital gradient with hypermetabolism in the frontal and
temporal lobes and profound hypometabolism in the occipital
lobes.'>?®?” Similarly, striatal hypermetabolism was noted in
1 patient with VGKC-LGI1, similar to previous reports of ab-
normalities in the cortical sensorimotor and basal ganglia me-
tabolism in the VGKC-antibody ALE.”® Quartuccio et al*® hy-
pothesized that antibodies against intracellular antigens were
more likely to cause a T-cell-mediated release of cytokines and
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chemokines in the limbic system manifesting as FDG-PET hy-
permetabolism. They proposed that FDG-PET hypometabo-
lism, conversely, was secondary to cell-surface antibody-medi-
ated capping and internalization leading to a decrease in
neuronal activity.

Finally, widespread findings without region predilection have
been reported in a cohort of children with febrile infection—re-
lated epilepsy syndrome, in whom widespread hypometabolism
in the bilateral temporoparietal and orbitofrontal cortices was
found to correspond with EEG findings and neuropsychological
deficits.™

Evolution of FDG-PET Findings during the Disease Course
Most patients with serial FDG-PET and MR imaging scans
showed evolution, with resolution of prior findings and new ab-
normalities on subsequent imaging (Figs 1 and 2). While the main
driver of the evolution in FDG-PET findings is unclear, one may
hypothesize a role for severity of illness, treatment effect, and
underlying pathology. Other findings including leptomeningeal
thickening and enhancement, subarachnoid hemorrhage, and
cerebral venous thrombosis on MR imaging have been de-
scribed in ALE. Cerebral venous thrombosis and subarachnoid
hemorrhage may reflect abnormalities in the coagulation cas-
cade secondary to an underlying inflammatory process or im-
munosuppressive therapy.

FDG-PET as a Predictor of Outcome

FDG-PET abnormalities were correlated with poor outcome at
hospital discharge. Conversely, both cases with normal FDG-PET
on serial imaging had good (mRS, 0-3) outcomes at hospital dis-
charge. Others have reported normalization of cerebral glucose
metabolism with recovery.’' The variability in outcomes reported
(for instance, 20% mortality, 30% debilitated with mRS 4-5, and
50% with mRS 0-3 at 1 year in Kantanen et al,”” in 2017) may
reflect variability in underlying pathophysiology and treatment
practices (aggressiveness of anesthetic and barbiturate use, use
and escalation of immunosuppressive therapy). At the heart of
variation in treatment practices is a lack of biomarkers beyond
EEG to guide clinical decision-making. In this cohort, abnormal
findings on FDG-PET were present independent of the persis-
tence of EEG seizures. This finding suggests that abnormal FDG-
PET metabolism may be more directly related to the pathophys-
iology of the disease process than seizure activity or other metrics
routinely followed in clinical practice.

Comparative Value of FDG-PET and MR Imaging as
Imaging Modalities in NORSE

Others have reported increased sensitivity of FDG-PET versus
MR imaging during the initial evaluation.””*>** Our findings
mirrored this: Fifty percent of MR imaging scans initially had
abnormal findings compared with 100% of FDG-PET scans. With
time, an increasing proportion of MRIs showed some abnor-
mal findings. The higher chance of an abnormality on an FDG-
PET scan early in the disease course not only increases its di-
agnostic value but also raises the possibility that it may be a
more useful biomarker.



Limitations

Limitations include the retrospective nature of this study,
small sample size, and heterogeneity in patient characteristics.
Given that NORSE is a clinical diagnosis, diversity among au-
toantibodies and disease processes may limit the ability to gen-
eralize. Excepting cases with NMDA-R antibodies, we found
that abnormal findings on FDG-PET were not segregated by
antibody type or seropositive groups. Additionally, the retro-
spective nature of the study was associated with variability in
the timing of FDG-PET and MR imaging scans. The variability
in treatment received, both antiepileptic including barbiturate
and immunotherapeutic, could also have impacted glucose
metabolism on FDG-PET.

CONCLUSIONS

Evolving patterns of brain hypermetabolism and hypometabo-
lism, as revealed by FDG-PET, are seen in NORSE, with a predi-
lection for the amygdala and hippocampus in cases with a diver-
sity of autoantibodies. In the cohort presented here, FDG-PET
often showed patterns of mixed hypermetabolism and hypome-
tabolism in the earlier, more acute phases, with evolution to hy-
pometabolism in the later, more chronic phases. We propose an
independent role for FDG-PET as a complementary marker of
disease activity in NORSE.
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