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Abstract In parallel to the detection of new neuronal
autoantibodies, the diagnosis of non-infectious limbic
encephalitis has risen. Given that cerebral imaging studies
show highly variable results, the present retrospective
study investigates imaging findings in association with
autoantibody type. An institutional database search iden-
tified 18 patients with non-infectious limbic encephalitis
who had undergone [18F] fluorodeoxyglucose positron
emission tomography (FDG-PET). Sixteen of these
patients also underwent magnetic resonance imaging
(MRI). MRI and FDG-PET images were categorized as
follows: normal (0); mesiotemporal abnormality (1); nor-
mal mesiotemporal finding but otherwise abnormal (2).
Neuronal autoantibodies were determined in serum and/or
CSF. Autoantibodies were grouped according to the cel-
lular localization of their target antigen: antibodies against
surface antibodies (i.e., VGKC, NMDAR): 9; antibodies
against intracellular antigens (i.e., Hu, Ri, GAD): 4; no
autoantibodies: 5. The fraction of abnormal scans was
lower for MRI (10/16) than for FDG-PET (14/18). There
was a significant association between PET findings and
autoantibody type: All patients with autoantibodies against
intracellular antigens showed mesiotemporal findings on
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FDG-PET. In turn, only 2/9 patients with autoantibodies
against surface antigens displayed mesiotemporal hyper-
metabolism. In the remaining seven patients, four scans
were rated as normal and three only showed findings out-
side the mesiotemporal region. A similar association was
found using MRI, although this did not reach statistical
significance. Autoantibody type was found to be associated
with FDG-PET and, to a lesser extent, with MRI imaging
results. Our observations may explain the heterogeneity of
imaging data in LE and based on in vivo findings support
the assumption of different patho mechanisms underlying
LE due to antibodies against surface and intracellular
antigens, respectively.

Keywords Limbic encephalitis - Cerebral MRI -
FDG-PET - Autoimmune antibodies

Introduction

The diagnosis of non-infectious, autoimmune-mediated
limbic encephalitis (LE) is generally based on clinical
symptoms as well as the detection of specific anti-neuronal
autoantibodies. LE-specific traits can also be detected in
cerebrospinal fluid (CSF), or by electroencephalography
(EEG), cerebral magnetic resonance imaging (MRI) and
['®F]fluorodeoxyglucose positron emission tomography
(FDG-PET).

A variety of imaging findings have been described for
LE, with most studies using MRI to demonstrate regions of
hyperintensity in the limbic system on fluid-attenuated
inversion recovery (FLAIR) images [1-3]. Moreover, in
the last few years, several case reports have described
imaging findings in extra limbic areas such as the frontal or
parietal cortices [4-9], the cerebellum [8, 10] and
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brainstem [10], while others reported normal MRI findings
[5, 11-16]. In case series, the occurrence of pathological
findings varies widely, ranging from less than 10 % [17] to
100 % [3]. In addition to MRI, whole body FDG-PET is
often performed for tumor screening in LE patients, while
cerebral FDG-PET may also support the diagnosis of LE.
To date, most of the FDG-PET studies (usually case
reports) of LE patients describe mesiotemporal hyperme-
tabolism [18-21]. This is often accompanied by hypome-
tabolism in the association cortex, relative metabolic
sparing of primary cortices, cerebellum and striatum, with
the latter sometimes even appearing hypermetabolic.
Nevertheless, with the relatively recent identification of
new anti-neuronal autoantibodies, several reports describe
distinct, extra-mesiotemporal imaging findings in areas
including the cerebellum [8, 11, 12, 16, 22], occipital or
frontal regions [4, 13, 22, 23], striatum [24] and thalamus
[5, 25], or completely normal FDG-PET scans. As with
MRI, no influencing factors have been identified that could
explain these highly variable imaging findings. However, it
is striking that the diversity of neuropathological findings
in LE has increased in proportion to the identification of
new autoantibodies, which, in turn, has possibly led to the
confirmation of LE in previously unverified cases. To this
end, it could be hypothesized that the variability in LE
imaging data is due to different auto immunological
mechanisms that might be driven by a particular autoan-
tibody type.

The aim of the present study was therefore to investigate
the putative association between (1) FDG-PET or (2) MRI
findings and autoantibody type. Considering that different
pathophysiological principles may be explained on the
basis of extracellular versus intracellular localization of the
antibody target [26], we chose to pool antibodies into
distinct groups comprising those directed against neuronal
surface antigens (VGKC, NMDAR) and those directed
against intracellular antigens (Hu, Ri, Yo, GAD).

Methods

An institutional database analysis was performed in order
to identify patients who had been diagnosed with probable
or definitive LE between 2008 and 2011. Only patients who
had undergone cerebral FDG-PET were included in this
retrospective study. Two neurologists (AB, SR) established
the final diagnosis according to published clinical criteria
[26-28]; (Table 1). If patients fulfilled all the clinical main
criteria (memory deficits of subacute onset, personality
changes/psychiatric symptoms of subacute onset and sei-
zures), the diagnosis of LE was confirmed. If patients
suffered from only two main symptoms, they had to fulfill
at least one of the additional criteria (detection of anti-

Table 1  Clinical criteria: criteria for the diagnosis of limbic
encephalitis

Clinical main criteria:
Memory deficits with subacute onset
Personality changes/psychiatric symptoms with subacute onset
Seizures

Additional criteria:
Detection of typical autoantibodies in serum or CSF
Diagnosis of malignancy (concurrent)

Epileptic activity in EEG (only relevant for this classification if
the patient did not suffer from seizures)

Patients had to fulfill all clinical main criteria or two clinical main
criteria and at least one additional criteria to be included in the present
study

neuronal autoantibodies in serum or CSF, diagnoses of
malignancy, epileptic activity in EEG) in order to be
included into the study. If a patient had suffered from
seizures, epileptic EEG-activity was not included as a
diagnostic criterion. Potential differential diagnoses were
excluded by adequate tests. Data were retrospectively
analyzed after the patients gave written informed consent
(as approved by the local ethics committee of the Univer-
sity Hospital Freiburg, Germany).

Antibody testing

Serum (all patients) or both serum and CSF (n = 4) were
analyzed in a reference laboratory using an established
radioimmunoassay (A. Vincent, Oxford). Additionally,
analysis was performed by immunofluorescence on trans-
fected HEK293-cells. Intracellular [Hu, Ri, Yo, cv2/
CRMP5, Amphiphysin, Mal, Ma2, SOX1, GAD, (ravo
PNS blot)] and surface [VGKC-complex (LGI1 and
CASPR2), GABA B, NMDAR, AMPA1, AMPA2, (Eu-
roimmun)] antibodies were assessed.

Cerebral imaging

MRI was performed using a 12-channel head coil in a
whole body scanner at 1.5 T (Magnetom Avanto, Siemens,
Erlangen, Germany). The following sequences were
acquired: axial T2-weighted (w) and T1w images, coronal
T2w fluid-attenuated inversion recovery (FLAIR) images,
diffusion-weighted images and ADC maps with a b-value
of b = 1,000 ssmm? and a contrast-enhanced T1w mag-
netization-prepared rapid gradient echo (MPRAGE). As all
lesions were best detected on FLAIR-weighted images and
did not show any diffusion restriction or contrast
enhancement, only findings from FLAIR images are
reported here.

All cerebral FDG-PET studies were done in conjunction
with whole-body PET scans (in search of malignancies;
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brain scan first). Following FDG injection and uptake
under euglycemic (overnight fasting), standardized resting
conditions (eyes open, reduced ambient noise), FDG-PET
scans were acquired either on a ECAT EXACT 922/47
stand-alone PET scanner (Siemens-CTI, USA; n=9;
20 min 2D acquisition starting 40 min p.i. of
351 4+ 43 MBq FDG) or a Gemini TF 64 PET/CT scanner
(Philips, The Netherlands; n = 9; 10 min 3D acquisition
starting 50 min p.i. of 280 = 62 MBq FDG). Brain PET
datasets were reconstructed either by filtered back-projec-
tion (ECAT scanner; Shepp filter, kernel = 5 mm FWHM,;
resulting voxel-size = 2.24 x 2.24 x 3.375 mm’) or by
LOR-RAMLA (line of response—row action maximum
likelihood expectation algorithm) 3D iterative reconstruc-
tion (Gemini TF scanner; number of iterations = 2,
relaxation parameter = 0.035, 3D spherically-symmetric
Kaiser—Bessel basis functions, blob-shape-alpha = 6.3716,
blob-radius = 2.8, blob-grid-size = 2.0375; resulting
voxel-size = 2.0 x 2.0 x 2.0 mm>; i.e. default brain
reconstruction). Visual readings were performed after
automatic anterior—posterior commissure line realignment
on transaxial, coronal and sagittal slices spanning the entire
brain. In addition, the reader had access to three-dimen-
sional stereotactic surface projections (3D-SSP) depicting
each individual’s cerebral FDG uptake and its statistical
deviation from age-matched healthy controls. 3D-SSPs
were created using the freely available Neurostat/3D-SSP
software package (University of Washington, USA) [29].
To compensate for differences in scanner spatial resolution,
datasets from the higher-resolution PET/CT systems were
smoothed using an isotropic 5 mm Gaussian filter prior to
statistical analyses. As demonstrated in a previous study
[30], combining the careful reading of standardized PET
images with Neurostat/3D-SSP analyses yields highly
reproducible results among different readers. Of note, there
was no statistically significant association between scanner
type and PET imaging findings or autoantibody type (not
shown in detail), respectively. Furthermore, no absolute
quantification of regional cerebral glucose utilization was
pursued. Thus, all reported changes of regional metabolism
refer to relative changes.

Cerebral MRI and FDG-PET scans were independently
analyzed by a neuroradiologist (IM) and a nuclear medi-
cine specialist (PTM), each of whom has long-standing
experience (>10 years) in MRI and PET imaging, respec-
tively. Both investigators were blinded to clinical charac-
teristics and autoantibody status.

All scans were rated for regions of hyperintensity in the
hippocampus, amygdala and/or parahippocampal gyrus on
FLAIR MRI images (referred to as mesiotemporal abnor-
malities on MRI), while mesiotemporal hypermetabolism
was assessed from the FDG-PET scans. Pathological
changes outside the aforementioned regions were also
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investigated. Depending on the presence of mesiotemporal
findings as well as the occurrence of additional imaging
findings, all scans were ultimately categorized into one of
three groups:

— 0, normal imaging findings.

— 1, mesiotemporal abnormalities with or without path-
ological findings elsewhere,

— 2, normal mesiotemporal findings, but pathological
findings elsewhere.

Of note, mesiotemporal hypermetabolism on FDG-PET
is typically accompanied by hypometabolism in the asso-
ciation cortices, with relatively spared metabolism in the
primary cortices, striatum and cerebellum.

Statistics

Agreement in findings between MRI and FDG-PET in
terms of mesiotemporal abnormalities and final group
categorization was assessed with Cohen’s kappa and
McNemar’s test, or Bowker’s test of symmetry. The cor-
relation between imaging findings and autoantibody types
was explored by Chi-squared tests.

Results
Clinical data

The database search yielded 24 patients who had been
clinically diagnosed with LE and investigated by cerebral
FDG-PET. Their clinical histories were reviewed by two
neurologists (AB, SR) and according to the abovemen-
tioned clinical criteria, 18 (10 female, 8 male) of these 24
patients were included in the final analyses (interobserver
agreement was 100 %). The diagnosis of LE could not be
ascertained in the six excluded patients either because the
inclusion criteria were not fulfilled or because potential
differential diagnoses could not be completely ruled out.
MRI was contraindicated in two of the 18 patients inclu-
ded; therefore, these patients only underwent the standard
clinical examination and FDG-PET imaging. The average
age (+standard deviation) was 55.3 &+ 17.7 years (range:
26-84 years). Autoantibodies against intracellular antigens
were found in four patients (Hu n = 2, Ri n = 1, GAD
n = 1). Autoantibodies against surface antigens were
present in nine patients. Seven of whom were positive for
VGKC-complex autoantibodies and three of whom were
positive for NMDAR autoantibodies. One patient showed
positive results for both NMDAR- and VGKC-complex
autoantibodies. In the remaining five patients, no autoan-
tibodies could be detected. Two patients suffered from
bronchial carcinoma, one patient from an atypical
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carcinoid in the lung, one from melanoma, and one female
patient from breast cancer. No malignancy was detected in
the remaining 13 patients (Table 2).

In 12 patients, MRI and FDG-PET were performed
before immunosuppressive therapy was started. Three
patients received prednisolone, two were treated by plasma
exchange and one by intravenous immunoglobulin, pred-
nisolone and plasma exchange prior to imaging. The
severity of the clinical course had necessitated treatment
before imaging; however, in all patients, imaging was
performed during acute phase of the disease.

Comparison of MRI and FDG-PET findings

The fraction of abnormal scans was lower for MRI (10/16;
62.5 %) than for FDG-PET (14/18; 77.8 %). However, this
difference did not reach statistical significance (McNe-
mar’s test for 16 paired examinations, p = 0.32) and the
overall agreement between MRI and FDG-PET in terms of
scan abnormality was moderate (Cohen’s kappa = 0.43).
Similarly, agreement between these two imaging tech-
niques for mesiotemporal involvement (kappa = 0.38) and
overall group categorization (kappa = 0.38) was fair, with
no significant difference detected between methods
(McNemar’s test, p = 0.65 and Bowker’s test, p = 0.81,
respectively) (Table 3).

A mesiotemporal pathological finding (i.e. imaging
finding group 1; Fig. 1) was detected by MRI and FDG-
PET in 8/16 patients (50.0 %) and 10/18 patients (55.6 %),
respectively. Two MRI (12.5 %) and four FDG-PET
(22.2 %) scans were assigned to group 2 since, despite
normal mesiotemporal findings, they exhibited pathologi-
cal changes; these included hyperintensities in the thalamus
and occipital cortex on MRI, and hypometabolism in the
thalamus and cortical areas, sometimes accompanied by
hypermetabolism in the striatum and cerebellum on FDG-
PET (Table 2). Of note, one patient assigned to group 1 by
both methods showed very pronounced mesiotemporal
hypometabolism and atrophy (with little concomitant hyper
intensity) on FDG-PET and MRI, respectively. This finding
was interpreted as a postinflammatory defect. The patient
suffered from only mild cognitive deficits for about 2 years
before these symptoms got worse and additional deficits
(ataxia, hemiparesis) occurred. FDG-PET and MRI were
prompted by this rather rapid clinical progression. Hence,
we assume that the patient initially suffered from a low-
grade inflammatory reaction that exacerbated later in the
disease course causing a more rapid decline and additional
symptoms. In accordance, some case reports describe me-
siotemporal hypometabolism in limbic encephalitis several
months after symptom onset [1, 18, 31]. The patient suf-
fered from an atypical carcinoid of the lung (detected by

whole body PET). A negative [''C] PIB scan excluded
concomitant Alzheimer’s disease.

Correlation of imaging findings with autoantibody
types

All patients with autoantibodies against intracellular anti-
gens showed a mesiotemporal abnormality on FDG-PET
(n = 4; Fig. 1), whereas only 2/9 patients with autoanti-
bodies against surface antigens displayed mesiotemporal
hypermetabolism. In the remaining seven patients, four
scans were normal (group 0) and three patients showed
pathological metabolic activity in regions exclusively
outside the mesiotemporal region (group 2; Figs. 2, 3).
FDG-PET imaging in the autoantibody-negative patients
showed mesiotemporal hypermetabolism (i.e., group 1) in
the majority (4/5) of patients (the remaining patient was
categorized as belonging to group 2) (Table 4). There was
a significant association between autoantibody type and
FDG-PET categorization (Chi-squared test, p = 0.0195
including all patients, p = 0.0149 after exclusion of auto-
antibody-negative patients), which was primarily driven by
the presence or absence of a pathologic mesiotemporal
finding (Chi-squared test, p = 0.006 all patients,
p = 0.004 only autoantibody-positive patients).

MRI findings exhibited a similar, albeit less clear
association with autoantibody type: Again, the majority of
patients with autoantibodies against intracellular antigens
showed mesiotemporal imaging findings (3/4 patients),
while the majority of patients with autoantibodies against
surface antigens did not (5/8 patients). The scans from
autoantibody-negative patients were equally distributed
across categories (group 0 and 2, respectively, n = 1;
group 1, n = 2). However, unlike the FDG-PET findings,
the association between autoantibody type and MRI find-
ings (overall categorization or presence/absence of limbic
findings) was not statistically significant (Chi-squared test,
p > 0.2 including all or only autoantibody-positive
patients).

Discussion

We found a significant association between autoantibody
type and FDG-PET findings, with autoantibodies against
intracellular antigens being associated with mesiotemporal
abnormalities, while autoantibodies against surface anti-
gens were more often associated with either normal find-
ings or abnormalities outside the mesiotemporal region. A
similar association was also found with MRI, but this did
not reach statistical significance. In support of our results, it
is remarkable that nearly all previous studies in which LE

@ Springer
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Table 3 Associations between MRI and FDG-PET findings

PET findings
Group 0 Group 1 Group 2
MRI findings Group 0 3 2 1
Group 1 1 6 1
Group 2 0 1 1
No MRI 0 1 1

Numbers of patients within each group of imaging findings are given
(see “Table 27)

Fig. 1 Representative imaging
results in a patient with
autoantibodies directed against
an intracellular antigen (patient
1). FLAIR MRI (first row)
depicts bilateral mesiotemporal
signal hyperintensities (arrow
heads), while FDG-PET
(second row) shows extensive
bilateral mesiotemporal
hypermetabolism in addition to
hypometabolism in the
association cortices. Third row:
PET/MRI fusion images. This
patient was categorized into
group 1 by both imaging
modalities; anti-Hu-antibodies
were detected in serum

Fig. 2 Imaging results in a
patient with autoantibodies
directed against the NMDA
receptor (patient 5). Whereas
only a small occipital signal
hyperintensity on FLAIR MRI
(first row) was evident, FDG-
PET (second row) depicted
extensive hypometabolism in
the left hemispheric cortex,
thalamus, and (less pronounced)
right temporal lobe. In addition,
note the crossed cerebellar
diaschisis (right) and the
hypermetabolism in the bilateral
striata. Both scans were
categorized into group 2. Third
row: PET/MRI fusion images

@ Springer

patients displayed hypermetabolism in the mesiotemporal
region also reported that these patients were positive for
autoantibodies against intracellular antigens [1-3, 31].
Furthermore, most reports on LE patients with autoanti-
bodies against surface antigens describe normal metabo-
lism in mesiotemporal regions, but pathological findings in
other cerebral regions [4, 5, 11-13, 15, 22, 24]. In agree-
ment with our data, pathological findings in these patients
were often localized in the cerebellum, thalamus and
parietal or occipital cortex [8, 17, 22, 23, 32].
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Fig. 3 Results of FDG-PET
imaging in a patient with VGKC
antibodies (patient 4). Upper
panel: transaxial FDG-PET
images; lower panel: three-
dimensional stereotactic surface
projections of FDG uptake (first
row) and Z score values (second
row; statistical deviation from a
sample of age-matched healthy
controls; shown are decreases of
FDG uptake). Note the
significant hypometabolism of
the posterior
temporoparietooccipital
cortices, while the bilateral
striatum and cerebellum show
spared metabolism (categorized
into group 2). MRI was normal
(group 0)

left lateral

posterior

right lateral

Table 4 Association between imaging findings and autoantibody specificities

FDG-PET findings MRI findings

Group 0 Group 1 Group 2 Group 0 Group 1 Group 2
Total 4 10 4 6 8 2
Intracellular antibodies 0 4 0 1 3 0
Hu 0 2 0 1 1 0
Ri 0 1 0 0 1 0
GAD 0 1 0 0 1 0
Surface antibodies 4 2 3% 4 3% 1
NMDAR 1 0 2 0 2 1
VGKC 3 2 2 4 2 0
Antibody negative 0 4 1 1
Numbers of patients within each group of imaging findings are given (see “Table 2”) and antibody specificity
* In one patient, both NMDAR and VGKC-antibodies were detectable

These associations might be explained by different LE associated with antibodies against intracellular

effector mechanisms of the underlying autoimmune pro-
cess on neuronal cells; LE that is associated with autoan-
tibodies against intracellular antigens is presumably caused
by a T-cell-effector mechanism directed at the limbic
system [33]. Cytotoxic T-cell processes induce inflamma-
tory tissue damage through a combination of immune cell
migration, activation, and the release of cytokine and
chemokines. In turn, these inflammatory processes not only
promote tissue repair and gliosis, they also increase the
energy turnover of affected cells. Given that these mech-
anisms lead to an increased FDG uptake, our findings
support the proposed T-cell-mediated patho mechanism in

antigens.

In contrast, LE that is associated with antibodies against
cell surface antigens may be caused by an interaction
between a particular antibody and its antigen target, usually
a neuronal receptor (e.g., NMDA, VGKC-complex). In line
with this, Hughes et al. [34] suggested that a decrease in the
surface density of NMDA receptors via antibody-mediated
capping and internalization was a probable patho mecha-
nism in NMDAR-positive LE. In addition, LE associated
with antibodies against cell surface antigens could be
caused by a direct blockade of receptors or ion channels by
autoantibodies. Both these patho mechanisms may lead to a

@ Springer
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decrease in neuronal activity and, as a consequence,
hypometabolism in the affected regions. In addition, both
effector mechanisms are not necessarily expected to induce
inflammatory cellular damage or general activation of
immune cells and tissue repair mechanisms that would
cause a relevant increase in glucose metabolism.

Taken together, our data provide the first in vivo evi-
dence for different patho mechanisms underlying LE
associated with either antibodies against intracellular or
surface antigens.

None of the antibody-negative patients showed normal
findings on both MRI and FDG-PET imaging. In particular,
four out of five patients showed mesiotemporal hyperme-
tabolism on FDG-PET. It is tempting to speculate that LE
in these patients is associated with yet to be identified
antibodies that are directed against intracellular antigens or
lead to an inflammatory reaction similar to that of known
intracellular autoantibodies. Moreover, this also implies
that imaging results, particularly those generated by FDG-
PET, could make an important contribution to the diagnosis
of LE in autoantibody-negative patients.

We found one patient with NMDAR- as well as VGKC-
antibodies. To our knowledge, only one other case report
exists about a patient being positive for both of these
antibodies [35]. Our patient showed typical limbic findings
on MRI and extra-limbic pathological metabolism on
FDG-PET. It is also interesting that pathological findings in
thalamus were exclusively detected in this patient by both
imaging techniques.

Considering the sensitivity of both imaging modalities
for LE-associated pathological findings, we found a
slightly higher sensitivity with FDG-PET (78 %) compared
to MRI (63 %), although this difference did not reach
statistical significance. Nevertheless, there were only six
patients showing typical findings on both cerebral MRI and
FDG-PET. Otherwise, in patients with typical mesiotem-
poral findings on either cerebral MRI or FDG-PET, LE
could be detected by at least one of these imaging inves-
tigations in 11/16 patients who were investigated by both
methods. Hence, examining patients with clinically-sus-
pected LE by both methods could increase the sensitivity of
LE diagnosis in clinical practice. Thus, since cerebral MRI
imaging is commonly performed in clinical practice, the
addition of FDG-PET seems to be a reasonable means of
enhancing the sensitivity of the diagnostic algorithm,
especially in patients with normal MRI scans. As an
additional benefit, whole-body FDG-PET scanning to
screen for malignancy can easily be added to the same PET
session in which patients undergo screening for suspected
paraneoplastic LE.

In summary, we found that autoantibody type showed
associations with FDG-PET results and, to a lesser extent,
with  MRI imaging findings, which may explain the

@ Springer

heterogeneity of imaging findings in LE. The present
in vivo data support the assumption that different patho
mechanisms underlie LE due to antibodies against surface
and intracellular antigens, respectively.

However, due to the overall rarity of autoimmune LE,
we investigated only a rather small cohort. Future pro-
spective studies are needed.
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