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Abstract

Objectives Anti-leucine glioma-inactivated protein 1 (anti-LGI1) autoimmune encephalitis (AE) presents as subacute
memory loss, behavioral changes, and seizures. Diagnosis and treatment delays can result in long term sequelae, including
cognitive impairment. '*F-FDG PET/CT may be more sensitive than MRI in patients with AE. Our objective was to deter-
mine if anti-LGI|1 is associated with a distinct pattern of FDG uptake and whether this pattern persists following treatment.
Methods Nineteen'*F-FDG PET/CT brain scans (13 pre-treatment, 6 convalescent phase) for 13 patients with anti-LGI1
were studied using NeuroQ™ and CortexID™. The sensitivity of the PET images was compared to MRI. The Z scores of
47 brain regions between the pre-treatment and next available follow-up images during convalescence were compared.
Results All '8F-FDG PET/CT scans demonstrated abnormal FDG uptake, while only 6 (42.9%) pre-treatment brain MRIs
were abnormal. The pre-treatment scans demonstrated hypermetabolism in the bilateral medial temporal cortices, basal
ganglia, brain stem, and cerebellum and hypometabolism in bilateral medial and mid frontal, cingulate, and parietotemporal
cortices. Overall, the brain uptake during convalescence showed improvement of the Z scores towards O or normalization
of previous hypometabolic activity in medial frontal cortex, inferior frontal cortex, Broca’s region, parietotemporal cortex,
and posterior cingulate cortex and previous hypermetabolic activity in medial temporal cortices, caudate, midbrain, pons
and cerebellum.

Conclusions Brain FDG uptake was more commonly abnormal than MRI in the pre-treatment phase of anti-LLGI1, and pat-
terns of dysmetabolism differed in the pre-treatment and convalescent phases. These findings may expedite the diagnosis,
treatment, and monitoring of anti-LGI1 patients.

Keywords Anti-LGI1 - Autoimmune encephalitis - FDG PET/CT

Introduction

Anti-leucine-rich glioma inactivated 1 (anti-LGI1) autoimmune
encephalitis (AE) is a subset of antibody-related encephalitis
manifesting clinically as subacute onset memory impairment,
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Early recognition of AE is imperative as early interven-
tion is thought to lead to better clinical outcomes for patients
[5]. This is particularly well-established for anti-LGI1 AE
[6]. The diagnosis is complex as there are many etiologies
and clinical presentations that can mimic AE [7]. Classically,
diagnosis involved serum and cerebrospinal fluid antibody
testing which can take weeks, potentially delaying initiation
of therapy and leading to worse outcomes. In 2016, expert
consensus clinical criteria were developed to facilitate early
recognition of AE and expedite the initiation of immuno-
therapy [8]. These clinical consensus criteria included des-
ignations of possible, probable, or definite AE as well as
definite limbic encephalitis based on clinical presentation
and electroencephalographic, cerebrospinal fluid, and brain
MRI findings [8]. The criteria for definite limbic encephali-
tis also included medial temporal lobe hypermetabolism on
brain '8F-FDG PET [8]. Subsequent best practice recom-
mendations have included brain and body '®*F-FDG PET in
the diagnosis and acute management of AE in general [5].

Recent literature has supported the utility of 'F-FDG PET
brain studies in aiding with the diagnosis of AE, including
several specific AE syndromes [9-11]. Utilizing CortexID™
for semiquantitative analysis, we previously found that 8F-
FDG PET CT was abnormal in 85% of patients with AE, most
commonly demonstrating brain region hypometabolism [9].
Additional analysis of this group showed that '®F-FDG PET
CT is more likely to identify an abnormality than MRI of the
brain [10]. Further studies are required for different subsets
of AE to determine whether a definitive pattern of hypo- or
hypermetabolism in the brain is associated with specific anti-
bodies. Early findings suggest that certain antibody-related
AEs present with specific patterns of abnormal brain metabo-
lism on PET. We have reported that patients with anti-NMDA
receptor encephalitis present with occipital lobe hypometabo-
lism early in the disease course, coinciding with greater neu-
rologic disability [11]. A recent study evaluated 33 patients
with anti-LGI1 AE who underwent '*F-FDG PET imaging of
the brain, demonstrating a myriad of metabolic findings not
confined to the temporal lobes and basal ganglia [12].

In this study, we utilize commercially available software
to perform semiquantitative analyses of cortical and subcor-
tical regions of interest to describe the '*F-FDG PET find-
ings in patients with anti-LGI1 AE prior to treatment, and
compare the sensitivity of FDG-PET to brain MRI. We also
characterize and compare the cerebral metabolism patterns
prior to treatment with those during convalescence.

Materials and methods
This study was performed according to STARD 2015 guide-

line and was approved by the Institutional Review Board of
Johns Hopkins University.
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Patients

We retrospectively identified patients admitted to the Johns
Hopkins Hospital with confirmed AE who underwent '®F-FDG
PET/CT using the diagnostic terms “encephalitis’” and ““positron
emission tomography” (PET) to search the administrative data-
base (December 1, 2005—March 15, 2016) and cross-referenced
these patients with the Johns Hopkins Hospital PET/CT Center
database [9]. We also included patients prospectively enrolled
in an encephalitis patient registry through November 1, 2022.

Included patients were found to have definite AE (includ-
ing definite limbic encephalitis) per clinical consensus crite-
ria [8] and were seropositive for the anti-LGI1 antibody per
serum and/or CSF testing (Athena Diagnostics, Worcester,
MA; Mayo Clinic Laboratories, Rochester, MN). Demo-
graphic information, neurological symptoms at time of
FDG-PET/CT during initial admission and subsequent care,
diagnostic test results including autoimmune encephalopa-
thy antibody assays of the serum and CSF, and treatments
were reviewed from the electronic medical record.

'8F-FDG PET acquisition and processing

Resting brain '®F-FDG PET/CT images were acquired in
3-dimensional (3D) mode for 10 min on a Discovery DRX
or DLS (GE Healthcare; 20 patients) or a Biograph mCT
(Siemens; 3 patients) with in-line CT for attenuation correc-
tion. Filtered back-projection reconstructions of the 10-min
brain '8F-FDG PET acquisitions were used for quantitative
analysis.

Semiquantitative analysis of PET images (including pre-
treatment and convalescent images) was performed using
CortexID™ (GE Healthcare, Chicago, MI, USA) and Neu-
roQ™ (Syntermed, Atlanta, GA, USA). In both CortexID™
and NeuroQ™, activity in each voxel was normalized to the
pons. Our prior studies have been based on CortexID™; how-
ever, we have observed more relevant results with NeuroQ™
which is a more recent platform and to have a grasp of their
output we included both in our analysis. NeuroQ™ provides
regional assessment of human brain scans based on automated
quantification of mean pixel values lying within standardized
regions of interests (ROIs) and compares the brain regional
activity to normal activity values of 50 normal controls.
Forty-seven areas in the brain were segmented and analyzed.
All pre-treatment PET images were analyzed with NeuroQ™
and CortexID™, except for patient 11 which the number of
slices in PET images were not compatible with CortexID™
and for whom only analysis with NeuroQ™ was performed.

CortexID™ provides the Z scores of 29 different brain
regions. CortexID™ calculates automated voxel-by-voxel Z
scores using the following formula: (Z score = [mean data-
base —mean subject]/SD database) however this formula in
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NeuroQ™ is implemented as follows (Z score =[mean sub-
ject —mean database]/SD database). As a result of the dif-
ference in the numerator of the formula between NeuroQ™
and CortexID™, the Z scores below 0 are considered hypo-
metabolic and above 0 are hypermetabolic in NeuroQ™,;
however, in CortexID™, regions with values above 0 are
hypometabolic and regions with values below 0 are hyper-
metabolic. To visually represent the relative metabolism of
different brain regions, heat maps were generated. Shades
of green are used for hypermetabolic, and shades of red are
provided for hypometabolic region in both CortexID™,
and NeuroQ™. We considered Z score 1.65 as a threshold
of abnormality, as per instruction provided by NeuroQ™.
The author (M.S.) who did the semiquantitative analysis
was aware of the diagnosis of the patients.

Brain MRI

Both the images and the radiology reports for contrasted brain
MRI completed around the time of the acute phase '*F-FDG
PET scan were reviewed by a board-certified radiologist with
neuroradiology training (L.S.).

Statistical analysis

Using the NeuroQ™ output, we compared the Z scores of 47
brain regions between the acute and next available follow-up
images during the convalescent phase. In addition, based on lit-
erature review and pathophysiology of faciobrachial dystonic
seizure we compared the Z scores of the cerebellum and basal
ganglia between patients with faciobrachial dystonic seizures
and those without this symptom. The statistical analyses were
performed with Stata version 17.0 (StataCorp, College Station,
Texas), and p values less than 0.05 were considered significant.
The sensitivity of PET and MR images were evaluated in detect-
ing abnormal findings among pre-treatment patients (Fig. 1).

Results
Patients

Fourteen patients with Anti-LGI1 AE were identified
and included (Table 1). The mean age of the patients was
68.4 +18.6. Eight (57%) of the patients were male and 10
(71%) were of white race. Thirteen of the patients under-
went initial brain '®F-FDG PET/CT scans within a median
of 10 weeks after symptom onset (range 2—-24 weeks).
Six patients had follow-up scans during convalescence
(median 60.5 weeks from original syndrome onset, range
36-91 weeks). A total of 19 scans were evaluated (13 pre-
treatment and 6 convalescent). All patients had brain MRI
scans during the acute phase of illness.

13 pre-treatment
brain PET

Comparison of PET
(13 patients) and
MRI (14 patients)

sensitivity

Brain metabolism
assessed with
Cortex ID™ and
NeuroQ™

6 patients with
convalescent phase
images

Brain metabolism
assessed with
Cortex ID™ and
NeuroQ™

Comparison of pre-
treatment and
convalescent phase
NeuroQ™ outputs

Fig. 1 Diagram showing the steps of the study

In addition to impaired short-term memory and faciobra-
chial dystonic seizures which are presented in Table 1, the
patients presented a variety of additional signs and symp-
toms including abnormalities of speech, hallucinations,
delusions, seizures, abnormalities of gait and/or falls, and
hyponatremia. Brain MRI demonstrated abnormalities of
the medial temporal lobes in four (patients 4, 7, 11, 14) and
the basal ganglia in two patients (6, 8). EEG was abnormal
in 10 patients, with abnormalities varying from slowing of
the posterior basic rhythm to bilateral temporal lobe sei-
zures. Only three patients were found to have a CSF pleo-
cytosis (3, 12, 14). All patients were treated with first-line
immunosuppressive therapy, and 13 were treated with anti-
seizure medications.

Pre-treatment '8F-FDG PET semiquantified analysis

Evaluation of the pre-treatment images with Cortex]ID™
and NeuroQ™ showed similar patterns in the frontal and
parietal lobes. However, comparison of the temporal lobes,
and cerebellum showed considerable discrepancy between
these two platforms (Figs. 2 and 3). Visual inspection of
the PET images showed that NeuroQ™ accurately detects
small regions of dysmetabolism while CortexID™ did
not detect abnormal uptake. For example, Fig. 4 depicts
a patient whose PET images showed abnormal high FDG
avidity in the bilateral medial temporal lobes, basal ganglia,
brainstem, and cerebellum while CortexID™ only detected
hypermetabolism in the left caudate nucleus (patient 8) and
hypometabolism in the bilateral temporal lobes. Based on
visual inspection of the images we will focus on the results
of NeuroQ™ in this study.
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Region Side Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9 Patient 10 Patient 11 Patient 12 Average
Frontal association Right 122 151 25 2.24 2,51 1.6 3.46 2.99 2.16 2.31 B 3.02 2.40
Left 119 133 2.54 2.08 2.48 2.04 333 2.52 1.94 2.63 3.41 3.08 2.38
Medial Frontal Right 048 1.54 1.82 187 2.07 112 317 263 1.8 1.4 3.09 2.76 1.98
Left 027 091 193 1.64 1.85 133 31 181 1.66 1.96 3.14 272 1.86
Sensorimotor Right -0.03 0.81 12 1.78 1.63 029 2.38 243 2.01 1.02 3.46 2.79 1.65
Left 0 08 113 1.66 152 0.36 25 1.85 2.18 0.61 3.08 2.49 1.52
Anterior Cingulate Right -04 0.16 -0.05 1.85 0.82 111 2.23 132 0.25 1.81 1.53 1.36 1.00
Left -0.58 -0.18 -0.19 173 0.68 0.85 1.94 0.92 0.36 1.8 1.42 1.46 0.85
Posterior Cingulate Right 1.08 121 152 2.19 1.96 1.58 297 23 1.69 2.28 219 2.56 1.96
Left 116 1.03 1.61 1.94 1.85 183 295 2.05 1.65 2.82 213 2.54 1.96
Parietal association Right 0.72 191 2388 213 333 1.64 3.02 28 2.29 113 3.13 3.51 2.37
Left 091 143 2.86 1.94 292 2,04 3.08 28 2513 2.26 3.22 3.4 2.42
Medial Parietal Right 0.96 191 2.8 2.66 2.64 171 3.35 3.17 1.81 1.24 2.82 3.55 2.39 4.00
Left 0.53 159 299 1.98 2.98 151 3.4 3.13 1.85 154 2.8 3.03 2.28 2.00
Temporal association  Right -0.22 159 213 223 246 0.71 237 232 1.95 1.63 2.62 2.84 1.89 0.00
Left -0.05 152 2.09 19 2.44 114 237 1.98 2.03 2.5 2.81 3.02 1.98 -2.00
Visual Right 0.96 244 1.98 2.76 1.79 112 261 0.94 2.01 0.91 3.47 2.83 1.99 -4.00
Left 0.55 233 194 267 1.89 1.02 3.59 0.76 2.18 0.86 3.51 2.68 2.00
Occipital association Right -0.02 17 23 246 2.66 1.08 3.07 14 2.27 0.72 2.85 B 1.97
Left -0.05 16 2.02 23 2.54 1.03 311 1.57 23 4 3.24 2.96 2.22
Caudate Nucleus Right -0.1 0.23 -1.31 0.95 19 177 221 2.44 0.56 2 2.92 1.97 1.30
Left -0.97 -3.99 -0.06 -0.71 1.93 -2.18 213 -3.77 1.04 0 1.89 1.7 -0.25
Pons 0.08 011 0.04 -0.09 -0.02 -0.01 -0.09 0.04 0.02 2 -0.04 -0.01 -0.16
Cerebellum Right 0.64 025 0.65 118 12 0.39 205 -0.38 1.17 -4 21 0.83 0.51
Left 0.85 0.11 041 124 1.54 0.29 1.94 0.23 14 045 1.36 0.71 0.86
Vermis Right 0.16 0.72 047 161 136 0.42 1.99 0.03 113 0.32 2.16 0.98 0.95
Left 031 05 039 1.65 113 027 212 0.09 1.17 -0.04 179 121 0.88
Average association Right 0.68 1.59 244 222 261 132 3.04 274 211 1.92 3.06 3.03 2.23
Left 0.75 14 244 2 2.53 175 298 2.38 1.99 2.53 3.19 31 2.25
Average Cerebral Ave 041 119 1.85 191 2.06 122 278 2.03 171 1.68 2.78 2.62 1.85
Global Average Ave 028 0.97 146 172 18 0.94 249 16 1.52 134 245 219 1.56

Fig.2 Heat map showing pre-treatment Z scores from CortexID™ color-coded to green (hypermetabolism) or red (hypometabolism)

NeuroQ™ showed abnormal '®F-FDG uptake among
all patients in the pre-treatment phase in most brain
regions. The pre-treatment scans demonstrated abnor-
mal hypermetabolism in the medial temporal cortices,
caudate and lentiform nuclei, midbrain, and cerebellum,
while hypometabolism was seen in the bilateral medial
and mid-frontal, parietotemporal, cingulate cortices, and
bilateral Broca regions. All patients showed at least one
area of hypermetabolism among the following regions:
right anterior, left anterior, right posterior, and left pos-
terior medial temporal lobes. Figure 3 is a heat map based
on NeuroQ™ output that color-codes the Z score values
of each of the 47 brain regions from the baseline scans
of each patient, as well as the average values among the
included patients.

'8F-FDG PET analysis comparing pre-treatment
versus convalescent images

Using the NeuroQ™ output, the comparison of the pre-
treatment phase images with subsequent convalescent stud-
ies (Fig. 5) showed improvement of most of the abnor-
mal regions among all 6 patients with follow-up imaging,
including normalization of Z scores in areas previously
hypometabolic (such as right medial frontal cortex, right
inferior frontal cortex, left Broca’s region, right parieto-
temporal cortex, left posterior cingulate cortex) and hyper-
metabolic (such as bilateral medial temporal cortices, right
caudate nucleus, midbrain, pons, and left cerebellum) on
pre-treatment images (Fig. 5). Among the 6 patients with
follow up imaging, 5 of them showed clinical improvement

@ Springer

at the time of follow up PET study and only patient #4
remained stable clinically. This patient had 6 follow-up
studies and the Z scores of the different time intervals are
provided in Fig. 6. Twenty-seven brain regions showed sta-
tistically significant differences between the pre-treatment
and convalescent phases (using Wilcoxon signed-rank test)
which is demonstrated in Fig. 7.

'8F-FDG PET analysis comparing faciobrachial
dystonic seizures with patients without this
symptom

We compared the Z scores of the basal ganglia and cer-
ebellum between patients showing faciobrachial dystonic
seizures versus those without this symptom. The cerebel-
lar vermis showed significantly higher Z scores among
patients with faciobrachial dystonic seizures (Mann—Whit-
ney U= —2.928, p<0.01).

'8F-FDG PET versus brain MRI in pre-treatment
phase

Fourteen pre-treatment brain MRIs were available for
review. Six patients (42.9%) had abnormal signal inten-
sity on pre-treatment brain MRI suggestive of encephali-
tis (four patients only in the medial temporal lobes, one
patient only in the basal ganglia and one patient in both
the medial temporal lobes and basal ganglia). In contrast,
all patients in the pre-treatment phase had abnormal FDG
uptake on quantified brain analysis using NeuroQ™ in
most brain regions.
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Regions

Right Sup Frontal Cortex -1.69 -0.47 -1.86 -0.47 -1.43 -0.69
Left Sup Frontal Cortex -1.99 -0.17 -1.98 0.07 -0.95 -0.97
Right Medial Frontal Cortex -1.27 -3.00 -3.03 -1.43 -2.70 -2.25
Left Medial Frontal Cortex -2.73 -1.47 -4.02 -2.84 -3.24
Right Mid Frontal Cortex -2.91 =221 -6.17 -2.31 -2.77 -2.86
Left Mid Frontal Cortex -5.08 -1.82 -7.71 -1.61 -3.03 -4.71
Right Inf Frontal Cortex -4.39 -2.51 -3.35 -2.37 -4.63 -2.82
Left Inf Frontal Cortex -3.36 <148 -1.40 -1.39 -4.52 -3.27
Right Broca Region -1.86 -1.27 -5.53 -3.01 -1.89 -1.05
Left Broca Region -3.80 -1.79 -7.84 -4.49 -4.19 -5.43
Right Sensorimotor Cortex 0.55 -0.04 -0.52 -0.54 1.29 119
Left Sensorimotor Cortex 0.47 -0.51 -0.06 0.08 0.02 0.46
Right Parietotemporal Cortex -3.73 -1.86 -4.82 -0.84 -5.28 -1.36
Left Parietotemporal Cortex -5.45 -1.49 -4.83 0.05 -4.99 -4.29
Right Sup Parietal Cortex 0.88 0.11 0.75 0.77 0.18 -0.11
Left Sup Parietal Cortex 1.64 1.20 0.96 0.69 0.74 0.31
Right Inf Parietal Cortex -4.75 -0.81 0.95 0.27 -0.49 -1.65
Left Inf Parietal Cortex -1.24 -145 0.26 -0.09 -1.14 -1.78
Right Ant Cingulate Cortex 0.64 -0.76 -2.52 -0.41 -0.78 -1.24
Left Ant Cingulate Cortex -1.00 -1.19 -3.33 -1.75 -3.02 -2.02
Right Pos Cingulate Cortex -4.14 -2.35 -3.17 -2.93 -1.88 -2.33
Left Pos Cingulate Cortex -4.94 -3.88 -4.53 -3.88 -3.61 -3.22
Right Sup Lat Temporal Cortex 3.20 -1.75 -1.81 0.43 -2.31 2.28
Left Sup Lat Temporal Cortex 149 -0.82 1.62 0.10 -3.77 -0.88
Right Ant Medial Temporal Cortex 2.87 3.19 3.00 0.93 3.70 1.38
Left Ant Medial Temporal Cortex 272 2.82 4.88 1.60 3.92 1.90
Right Inf Lat Pos Temporal Cortex -0.71 -2.18 -3.25 -2.08 -1.91 -0.79
Left Inf Lat Pos Temporal Cortex 0.46 -2.63 -2.24 -0.82 -1.51 -0.77

Right Pos Medial Temporal Cortex 4.10 135 3.50 171 3.01 297
Left Pos Medial Temporal Cortex 3.44 1.02 2.64 1.07 171 2.02

Right Inf Lat Ant Temporal Cortex 0.48 -1.09 -0.82 -1.41 -0.54 0.35
Left Inf Lat Ant Temporal Cortex -0.64 -0.26 -0.79 -0.73 -0.78 -0.32
Right Associative Visual Cortex 0.69 -0.13 -3.76 128 -3.41 144
Left Associative Visual Cortex 0.14 144 -4.69 3.08 -1.20 035
Right Primary Visual Cortex -1.67 -2.92 -1.58 -0.71 0.55
Left Primary Visual Cortex -3.28 -3.58 -2.13 -3.50 -1.29 -0.73
Right Caudate Nucleus 1.85 2,07 4.93 104 131 -0.25
Left Caudate Nucleus 2.20 4.08 6.98 152 0.46 157
Right Lentiform Nucleus 277 247 7.87 0.90 3.59 183
Left Lentiform Nucleus 2.89 8.05 1.22 -0.15 121
Right Thalamus 0.34 -0.04 1.82 0.91 0.65 0.22
Left Thalamus -0.17 0.19 1.82 0.43 0.17 -0.27
Midbrain 2.54 337 5.83 2.49 431 192
Pons 353 3.08 5.18 3.44 5.32 2.82
Right Cerebellum 1.49 248 3.44 182 470 170
Vermis 2.80 292 4.01 2.05 4.24 1.81
Left Cerebellum 147 395 4.73 2.46 4.81 2.46

Patient 1 Patient 2 Patient 3 Patient4 Patient5 Patient 6 Patient 7 Patient 8 Patient9 Patient 10 Patient 11 Patient 12 Patient 13 Average

073 312 -035  -142  -060 053  -0.16  -1.04
023 -113 072 -128  -107 063  -092  -0.92
220 512 042  -219 377 099  -006  -2.19
258  -391  -090 -175  -544 046  -179  -2.59
254 | 803 147 365 364 -170  -090  -3.17
272 | 748 210 -347 371 -357 127  -371
38 | 726 -261  -523  -611  -252  -304 -390
253  -258  -186  -484  -422  -205 -291  -2.80
122 | 846 073 328 299  -147 160  -2.64
342 | 912 | -191  -467 -468  -321  -342  -446
110  -488 038 002 058 066  -023  -028
033 -141 .08 020  -067 -111 008  -028
102 657 | 108 023 370 133  -203  -2.45
125 | 684 161  -150  -259  -171  -236  -2.99
0.42 276 007 149 029 018 071 0.15
035  -303 056 164 -0.06 1.04 0.04 0.41
089 [°883 147 078 262 020 -041  -151 10
061  -366 -196  -132 -181  -0.75 112 8
172 -491 032 092 -38 138 0.94 111 6
306  -418  -105 061  -455 014  -050  -2.01 4
-445  -654  -166  -235 -387 083  -334  -3.06 2
517  -625 -262  -340  -536 -174 -390  -402 0
095 | -648 028  -18  -256 060  -010  -0.70 2
032 -174  -120 | -451  -240  -127  -299  -128 -4
3.58 7.11 2.10 198 451 1.70 404 3.08 -6
2.26 5.08 213 3.42 7.93 371 2.69 3.46 -8
007  -147 133 071  -237 050 -186  -148 -10

0.04 -0.68 -1.51 -2.25 -0.91 -0.33 -1.14 -1.10
2.82 8.80 2.55 3.54 5.95 3.04 238 3.52
1.07 3.16 116 3.59 6.30 2.83 093 2.38

0.63 -1.38 -0.55 -0.03 -2.31 0.20 -0.82 -0.56
-0.08 -1.07 -1.14 -2.28 -1.69 -0.15 -0.60 -0.81
0.74 -1.72 0.19 343 0.07 1.20 0.23 0.02
0.30 -1.21 -0.37 2,01 187 053 0.52 0.21
-1.20 1.02 -1.37 1.09 -1.22 -1.39 0.79 -0.72
-2.18 -0.16 -2.52 1.07 -2.73 -2.13 -0.11 -1.79
124 3.86 1.66 187 116 115 174 182

0.51 6.54 112 2.15 1.53 152 0.30 234
0.71 10.80 1.59 3.05 217 0.82 0.90 3.04
0.61 11.50 0.93 3.28 1.60 0.64 053 2.69
-0.40 2.05 1.25 0.70 112 0.36 0.75 0.75
-1.51 2.89 0.41 0.82 1.03 0.05 -0.40 0.42
185 8.66 2.39 2.95 4.49 1.89 3.29 3.54
3.69 11.40 4.89 4.00 6.80 3.03 147 451
0.92 9.07 311 176 4.65 0.72 1.66 2.89
1.48 9.50 2.05 175 3.68 217 )
2.25 9.18 214 271 5.41 178 231 3.51

Fig. 3 Heat map showing pre-treatment Z scores from NeuroQ™ color-coded to green (hypermetabolism) or red (hypometabolism) for 47 different

brain regions

Discussion

In this study, we evaluated the pre-treatment and convales-
cent brain '*F-FDG PET images in patients with anti-LGI1
AE. Pre-treatment '3F-FDG PETs were abnormal across
all patients while brain MRI was abnormal in only 43% of
patients. As a group, pre-treatment images using NeuroQ™
showed hypermetabolism in medial temporal cortices, basal
ganglia, midbrain, and cerebellum and hypometabolism in
areas of the frontal, parietotemporal, and cingulate cor-
tices as well as bilateral Broca regions. In contrast, Cor-
texID™ showed hypometabolism in most brain regions in
the pre-treatment phase along with hypermetabolism of the
caudate in individual cases. Moreover, comparison of the
pre-treatment phase scans with the next available follow-up
scan during convalescence using NeuroQ™ showed nor-
malization of these areas of abnormality, except for persis-
tent, though improved, hypometabolism in the left Broca’s

region during the convalescent phase. Qualitative assess-
ment of the PET images showed that NeuroQ provides more
accurate results. For example, the case provided in Fig. 4a
shows mild hypermetabolism in the bilateral medial tempo-
ral regions (right greater than left) and NeuroQ™ correctly
detects hypermetabolism in these regions (Fig. 4b, slice 46),
while CortexID™ shows mild hypometabolism in bilateral
temporal associations. The reason of higher NeuroQ™ accu-
racy compared to qualitative visualization is likely due to
smaller brain region analysis, while in CortexID™, larger
analyzed ROIs fades the effect of abnormal signal from
smaller regions.

Historically, anti-LGI1 AE has been associated with MRI
findings of T2 hyperintensities in the medial temporal lobes
as well as MRI changes in the basal ganglia in those with
faciobrachial dystonic seizures [13]. Prior reports have men-
tioned abnormal MRI findings in up to 74% of the patients
[2]. Brain MRI findings are useful when positive; however,
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Cortical Regions R,
@ Parietal Association R H
L 2.80
Temporal Association R 2.32
L 1.98
Frontal Association R 2.99
Right Lateral L 2.52
Occipital Association R 1.40
L 1.57
Posterior Cingulate R 2.30
L 2.05
Anterior Cingulate R 1.32
L 0.92
Medial Frontal R 2.63
L 1.81
Medial Parietal R 317
L 3.13
Sensorimotor R 243
L 1.85
Visual R 0.94
L 0.76
Caudate Nucleus R 2.44
L -3.77
Cerebellum R -0.38
L 0.23
| Vermis R 0.03
L 0.09
Pons 0.04
Average Association R 2.74
L 2.38
Right Lateral eft Lateral Right Medial
Averaged Cerebral 2.03
Global Average 1.60
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«Fig.4 Brain MRI and brain 18F-FDG-PET in a patient with anti-
LGI1 autoimmune encephalitis. a MRI images show FLAIR hyperin-
tense foci corresponding to areas of high FDG avidity on PET images
in the bilateral basal ganglia, and right medial temporal lobe. In addi-
tion, there is symmetric high FDG avidity of bilateral cerebellum,
and brain stem. There is mild cortical expansion of the right medial
temporal lobe. b NeuroQ™ output with abnormal hypermetabolic
regions including the bilateral basal ganglia (slice 34), medial tem-
poral lobes (slice 46), brain stem (slice 46), and cerebellum (slice 52).
¢ CortexID™ output that did not detect the abnormal uptake in the
medial temporal lobes and cerebellum. CortexID™ output showed
right caudate hypo and left caudate hypermetabolism. The positive Z
score values above 1.65 in CortexID™ demonstrate hypometabolism

a normal brain MRI would not rule out the possibility of
AE [5, 8]. Prior studies have reported MRI sensitivity in the
range of 43% [10] to 62% [14] in autoimmune encephalitis,
and our result is close to this range. In contrast, out data
suggest 'SF-FDG PET may provide a more sensitive test in
the evaluation of patients with suspected AE, particularly
among those with anti-LGI1 antibodies.

While prior studies used qualitative methods, several
recent studies have evaluated 'F-FDG PET in a semi-
quantitative fashion based on comparison to a limited
number of institutional healthy controls and patients
with other diseases. One recent retrospective study of
13 patients (8 with follow-up scans) with comparison to
patients with different forms of AE, Alzheimer’s disease,

and healthy controls showed that patients with anti-LGI1
were found to have hypermetabolism in the medial tem-
poral lobes, the pallidum, caudate, pons, olfactory, and
inferior occipital gyri as well as hypometabolism in
several frontoparietal regions [15]. Both medial tempo-
ral lobe and putaminal hypermetabolism were reduced
after immunotherapy on follow-up convalescent imaging
[15]. In a second recent retrospective single-center study,
researchers compared '8F-FDG PET for 33 patients with
varied anti-LGI1 AE clinical presentations to institutional
healthy controls and observed a similar pattern of medial
temporal lobe, basal ganglia, and cerebellar hypermetabo-
lism with diffuse cortical dysmetabolism [12].

Here, we utilized the commercially available databases
NeuroQ™ (which includes fifty health controls) and Cor-
texID™ (which includes over 250 healthy controls) to
demonstrate abnormal FDG uptake among all patients
during the pre-treatment phase. We observed a pattern of
hypermetabolism of the medial temporal lobes and basal
ganglia as well as the cerebellum along with hypome-
tabolism in other regions in the pre-treatment phase of
anti-LGI1 AE, a more restricted pattern of dysmetabo-
lism that markedly improves during convalescence. These
patterns of cortical and subcortical dysmetabolism were
more evident using the NeuroQ™ software compared to
CortexID™, likely an effect of NeuroQ™ providing a

Patient 3 Patient 4 Patient 5 Patient 6 Patient 10 Patient 11
Treatment status [ P [ P P P [ [ P [ p
Time interval Baseline 27 months Baseline 10 months Baseline 12 months Baseline 6 months Baseline 5 months Baseline 12 months
Clinical status mRS 2 mRS 1 mRS 2 mRS 2 mRS 3 mRS 1 mRS 3 mRS 2 mRS 4 mRS 3 mRS 3 mRS 2
Right Sup Frontal Cortex -1.86 015 047 051 143 055 069 091 142 074 060 0.08
Left Sup Frontal Cortex -1.98 -0.16 0.07 0.04 095 036 097 -0.40 128 085 -1.07 020
Right Medial Frontal Cortex -3.03 -0.40 -1.43 050 270 082 225 -1.50 219 -038 3.77 -0.09
Left Medial Frontal Cortex -4.02 183 -1.60 -0.80 280 216 324 -2.60 175 092 544 333
Right Mid Frontal Cortex -617 119 231 119 277 098 -2.86 -1.68 -3.65 053 -3.64 083
Left Mid Frontal Cortex 771 191 -161 020 -3.03 252 471 238 -3.47 057 3.71 184
Right Inf Frontal Cortex -3.35 -120 237 -0.42 -4.63 -1.50 28 222 5.23 -051 611 351
Left Inf Frontal Cortex -1.40 051 139 004 452 056 327 151 -4.84 024 422 172
Right Broca'S Region -5.53 111 3.01 -1.60 -1.89 0.8 -1.05 -0.10 3.28 056 2.99 -0.60
Left Broca'S Region -7.84 -2.95 -4.49 -3.28 -4.19 -0.83 -5.43 -2.49 -4.67 -2.56 -4.68 -2.68
Right Sensorimotor Cortex -052 1.09 -054 0.02 1.29 116 119 0.63 0.02 -097 058 0.48
Left Sensorimotor Cortex -0.06 0.10 0.08 0.49 0.02 1.00 0.46 0.12 0.20 0.60 -0.67 -0.21
Right Parietotemporal Cortex -4.82 216 084 0.14 5.28 399 -1.36 030 023 033 3.70 131
Left Parietotemporal Cortex -4.83 -1.65 0.05 145 -4.99 -4.51 -4.29 -0.72 -1.50 0.62 -2.59 -1.42
Right Sup Parietal Cortex 075 083 077 199 0.18 134 011 056 149 114 029 o7
Left Sup Parietal Cortex 0.96 -1.03 069 1.20 074 064 031 0.02 164 087 -0.06 0.08
Right Inf Parietal Cortex 095 221 027 203 -0.49 342 -165 146 078 058 -2.62 103
LeftInf Parietal Cortex 0.26 076 -0.09 1.00 118 345 178 153 132 322 -1.81 -1.40 8
Right Ant Cingulate Cortex 252 012 041 -0.40 -0.78 034 124 122 -0.92 082 3.82 036 6
Left Ant Cingulate Cortex 333 -0.50 175 123 -3.02 210 202 220 -0.61 031 455 291 a
Right Pos Cingulate Cortex 347 077 -2.93 281 -1.88 065 233 072 235 226 -3.87 -1.53 2
Left Pos Cingulate Cortex -453 179 3.8 317 -3.61 033 322 0.92 -3.40 043 536 351 0
Right Sup Lat Temporal Cortex 181 101 043 089 231 0.07 228 2.00 -1.85 123 -2.56 -036 2
Left Sup Lat Temporal Cortex 162 052 010 017 377 072 -0.88 0.06 -4.51 007 -2.40 011 -4
Right Ant Medial Temporal Cortex 3.00 035 093 -0.26 3.70 038 138 0.01 1.98 -0.49 451 077 -
Left Ant Medial Temporal Cortex 4.88 0.82 1.60 -0.76 3.92 1.42 1.90 -0.45 3.42 0.22 7.93 0.85 -8
Right Inf Lat Pos Temporal Cortex -3.25 -130 -2.08 -1.59 191 153 079 054 071 111 237 -030
Left Inf Lat Pos Temporal Cortex -2.24 -0.80 -0.82 -0.74 -1.51 -0.84 -0.77 0.31 -2.25 -1.67 -0.91 -0.64
Right Pos Medial Temporal Cortex 3.50 150 171 024 301 133 297 1.69 354 -052 595 222
Left Pos Medial Temporal Cortex 264 184 1.07 073 171 063 202 0.49 359 013 6.30 0.47
Right Inf Lat Ant Temporal Cortex -0.82 -0.08 141 098 054 046 035 -0.24 -0.03 067 231 199
Left Inf Lat Ant Temporal Cortex -0.79 -027 073 -1.10 -0.78 -1.04 032 027 228 010 -1.69 160
Right Associative Visual Cortex -3.76 008 128 213 341 120 144 252 3.43 064 0.07 011
Left Associative Visual Cortex -4.69 010 3.08 353 -1.20 -0.10 035 203 201 029 187 221
Right Primary Visual Cortex 0.13 -0.90 -1.58 -1.56 071 -0.02 05ss 050 1.09 099 122 043
Left Primary Visual Cortex -213 -243 350 328 129 136 073 -0.41 107 000 273 021
Right Caudate Nucleus 493 156 1.08 -0.10 131 056 025 151 187 -0.40 116 054
Left Caudate Nucleus 6.98 090 1.52 033 0.46 051 157 0.41 215 004 1.53 097
Right Lentiform Nucleus 7.87 255 0.90 036 359 077 1.83 085 3.05 1.03 217 073
Left Lentiform Nucleus 805 088 122 055 -0.15 088 121 055 3.28 -0.62 1.60 028
Right Thalamus 1.82 125 091 0.10 065 112 022 0.16 0.70 004 112 090
Left Thalamus 1.82 111 0.43 -0.47 017 098 027 0.5 0.82 035 1.03 037
Midbrain 583 128 2.49 066 431 1.69 192 295 085 4.49 117
Pons 518 168 3.44 092 532 234 2.82 109 4.00 1.49 6.80 1.89
Right Cerebellum 3.44 017 1.82 089 470 191 170 133 176 087 465 185
Vermis 401 005 2.05 113 424 201 181 050 175 069 3.68 1.65
Left Cerebellum 473 036 246 068 481 148 246 159 271 155 541 290

Fig.5 Heat map showing pre-treatment and convalescent phase Z scores from NeuroQ™ color-coded to green (hypermetabolism) or red
(hypometabolism) for 47 different brain regions in 6 patients with follow up imaging

@ Springer



1236

Neuroradiology (2023) 65:1225-1238

Treatment status Pre-treatment  post-treatment  post-treatment

Time interval after the first admission Baseline 10 months 24 months
Clinical status mRS 2 mRS 2 mRS 1
right sup Frontal Cortex -0.47 0.51 -0.04
left sup Frontal Cortex 0.07 0.04 -0.07
right Medial Frontal Cortex -1.43 -0.50 -0.72
left Medial Frontal Cortex -1.60 -0.80 -0.97
right mid Frontal Cortex -2.31 -1.19 -0.54
left mid Frontal Cortex -1.61 -0.20 -0.78
right inf Frontal Cortex -2.37 -0.42 -1.15
left inf Frontal Cortex -1.39 -0.04 -0.26
right Broca's Region -3.01 -1.60 -1.77
left Broca's Region -4.49 -3.28 -3.46
right Sensorimotor Cortex -0.54 0.02 0.00
left Sensorimotor Cortex 0.08 0.49 0.30
right Parietotemporal Cortex -0.84 0.14 -0.24
left Parietotemporal Cortex 0.05 145 1.19
right sup Parietal Cortex 0.77 1.99 1.47
left sup Parietal Cortex 0.69 1.20 1.00
right inf Parietal Cortex 0.27 2.03 133
left inf Parietal Cortex -0.09 1.00 0.82
right ant Cingulate Cortex -0.41 -0.40 -0.18
left ant Cingulate Cortex -1.75 -1.23 -1.34
right pos Cingulate Cortex -2.93 -2.81 -2.65
left pos Cingulate Cortex -3.88 -3.17 -3.30
right sup lat Temporal Cortex 0.43 0.89 101
left sup lat Temporal Cortex 0.10 0.17 1.00
right ant Medial Temporal Cortex 0.93 -0.26 0.00
left ant Medial Temporal Cortex 1.60 -0.76 -1.24
right inf lat pos Temporal Cortex -2.08 -1.59 -1.53
left inf lat pos Temporal Cortex -0.82 -0.74 -0.50
right pos Medial Temporal Cortex 1.71 0.24 091
left pos Medial Temporal Cortex 1.07 -0.73 -1.14
right inf lat ant Temporal Cortex -1.41 -0.98 -1.08
left inf lat ant Temporal Cortex -0.73 -1.10 -1.02
right Associative Visual Cortex 1.28 213 2.09
left Associative Visual Cortex 3.08 3.53 3.32
right Primary Visual Cortex -1.58 -1.56 -1.08
left Primary Visual Cortex -3.50 -3.28 -2.55
right Caudate Nucleus 1.04 -0.10 -0.04
left Caudate Nucleus 1.52 0.33 -0.07
right Lentiform Nucleus 0.90 0.36 0.89
left Lentiform Nucleus 1.22 0.55 0.60
right Thalamus 0.91 0.10 0.37
left Thalamus 0.43 -0.47 -0.10
Midbrain 2.49 0.66 0.58
Pons 3.44 0.92 1.30
right Cerebellum 1.82 0.89 0.83
Vermis 2.05 113 1.52
left Cerebellum 2.46 0.68 0.92
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Fig.6 Heat map showing the Z score values from NeuroQ™ of 47 different brain regions among the multiple follow up PET images for patient 4

greater number and more restricted regions of analysis
than CortexID™. The use of larger regions of interest in
Cortex ID™ likely results in the averaging out of areas
of abnormal metabolism. For example, the basal ganglia
and cerebellum are overall hypermetabolic in our patients
when analyzed using NeuroQ™, as has been reported by
others, but they appear overall normal using CortexID™.

The diffuse pattern of metabolic changes we observed may
in part reflect the diffuse distribution of the LGI1 protein
in the human brain, as it has potentially varied roles within
a neural network. In a murine transgenic model, LGI1 was
expressed by both neuronal and glial cells in the hypothala-
mus, midbrain, pons, medulla, and cerebellum [16]. Simi-
larly, the 60 kDA isoform of LGI1, which complexes with
the KV1.1 potassium channel, was found to be expressed in
the temporal neocortex, hippocampus, parietal cortex, fron-
tal cortex, putamen, and occipital cortex [17, 18]. Binding

@ Springer

of antibodies to LGI1 in these varied regions may lead to
the complex clinical phenotypes observed in patients with
anti-LGI1 encephalitis. The refined semiquantitative analysis
of FDG-avidity patterns with comparison to a large group
of healthy control patients in this study, coupled with the
expression of LGI1 in numerous brain regions, potentially
expands this association to a network of brain regions.

As an example, several of our patients prior to treat-
ment experienced faciobrachial dystonic movements.
The pre-treatment hypermetabolism of the cerebellum in
association with faciobrachial dystonic movements that
normalizes in convalescence observed here, suggest that
these may be acquired dystonias rather than ictal phenom-
ena. Faciobrachial dystonic movements rarely have an ictal
correlate on electroencephalopgraphy, and their cessation
typically follows the addition of immunotherapy to antiep-
ileptic medications [2, 6]. Furthermore, the cerebellum has
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Brain regions showing significant difference in Z scores before and after treatment
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Fig. 7 Brain regions with significant difference in Z scores between the pre-treatment and convalescent phases using NeuroQ

been proposed to play a role in network models of dystonia
[19], with cerebellar FDG avidity previously observed in
patients with dystonia syndromes clinically reminiscent of
faciobrachial dystonic movements, including blepharos-
pasm (in association with hypermetabolism of the caudate,
cingulate, temporal lobe and hyper/hypometabolism of the
thalamus and brainstem structures) and cervical dystonia
(in association with hypermetabolism of the putamen, pre-
motor cortex, and thalamus) [20].

Clinically, among patients with anti-LGI1 AE, initiation
of immunotherapy leads to favorable long-term outcomes
[2]. A more recent retrospective study of treatment out-
comes among 118 patients with Anti-LGI1 AE demon-
strated that corticosteroids are more effective in the acute
setting, and immunotherapy provides a more favorable
long-term outcome [21]. These studies signify the impor-
tance of rapid diagnosis and immunotherapy initiation.
The pattern of brain FDG uptake in conjunction with other
clinical and laboratory findings may not only provide criti-
cal information supporting a diagnosis, but also indicate
the likelihood of response to immunotherapy. Follow-up
images for six patients in our study demonstrate that areas
of dysmetabolism normalized as patients recovered during
the convalescent phase (Fig. 5). This suggests '*F-FDG
PET may also be useful in monitoring recovery from AE.
Brain FDG uptake may prove a useful guide to long term
management of anti-LGI1 AE, such as informing the deci-
sion to continue immunotherapy, and managing symptoms
including faciobrachial dystonic movements [5].

The limitations of this study include the following: the
study is retrospective with a limited number of patients
from one institution. Considering the rarity of this type
of encephalitis, large studies are challenging. Another
limitation is the inherent low specificity of '*F-FDG
PET imaging, which is based on the detection of glucose
uptake as a measurement of metabolism and is relatively
nonspecific; utilizing more specific tracers with the abil-
ity to detect inflammation or specific antibodies may pro-
vide a better understanding of pathophysiology. Further
8E_FDG PET studies with more patients from multiple
institutions are warranted to assess the generalizability
of our results.

In summary, our findings expand our understanding of
the extensive patterns of dysmetabolism in anti-LGI1 AE
evident on '8F-FDG PET. These are evident in the pre-
treatment phase, even in the absence of abnormalities
by MRI, and improve in the convalescent phase of anti-
LGI1 AE. Thus, "8F-FDG PET can potentially be used to
guide decisions about early initiation and continuation
of immunotherapy for these patients. In addition, these
were observed utilizing commercially available software
packages, potentially facilitating multi-center studies, our
understanding of the underlying neurobiology of AE, and
informing patient care. Larger scale, longitudinal '*F-FDG
PET studies including different subtypes of AE are war-
ranted, which may help differentiate the diverse AE sub-
types and suggest treatment response based on the brain
FDG uptake pattern.

@ Springer
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