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Abstract

Purpose: The aim of this 8F-FDG PET study was to determine the diagnostic value of the cortex/striatum
metabolic ratio in a large cohort of patients suffering from autoimmune encephalitis (AE) and to search for

correlations with the course of the disease.

Methods: We retrospectively collected clinical and paraclinical data of patients with AE, including brain 8F-
FDG PET/CT. Whole-brain statistical analysis was performed using SPM8 software after activity
parametrization to the striatum in comparison to healthy subjects. The discriminative performance of this
metabolic ratio was evaluated in patients with AE using receiver operating characteristic curves against 44
healthy subjects and a control group of 688 patients with MCI. Relationship between cortex/striatum metabolic

ratios and clinical/paraclinical data was assessed using univariate and multivariate analysis.

Results: Fifty-six patients with AE were included. In comparison to healthy subjects, voxel-based statistical
analysis identified one large cluster (p-cluster<0.05, FWE corrected) of widespread decreased cortex/striatum
ratio in patients with AE. The mean metabolic ratio was significantly lower for AE patients (1.16 £ 0.13) than
for healthy subjects (1.39 £ 0.08; p < 0.001) and than for MCI patients (1.32 £ 0.11; p < 0.001). A ratio threshold
of 1.23 allowed to detect AE patients with a sensitivity of 71 %, and a specificity of 82% against MCI patients
and 98% against healthy subjects. A lower cortex/striatum metabolic ratio had a trend towards shorter delay

before ®F-FDG PET/CT (p = 0.07) in multivariate analysis.

Conclusion: The decrease in the cortex/striatal metabolic ratio has a good early diagnostic performance for the

differentiation of AE patients from controls.
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Introduction

Autoimmune encephalitis (AE) is a rare and complex condition consisting of severe inflammatory brain
damage caused by autoantibodies targeting intracellular or cell-surface antigens. AE is clinically characterized
by the subacute onset of various unspecific symptoms such as confusion, behavioural changes, psychiatric
troubles, short-term memory loss and seizures [1]. Such symptoms may, however, overlap with those of other

disorders.

There is a need to identify accurate biomarkers allowing the diagnosis of AE as the early initiation of

immunosuppressive treatment is associated with improved outcomes [2-4].

AE diagnosis currently relies on a set of arguments based on clinical symptoms, standard diagnostic tests (brain
imaging, cerebrospinal fluid (CSF) analysis) and autoantibody testing. This diagnosis remains challenging
because of polymorphic clinical presentations and limitations of usual additional tests [5]. The collection of
antibody results may be delayed for several weeks, thereby impairing the early initiation of treatment. Moreover,
although many antibodies have been increasingly identified as associated with AE, many cases of genuine AE,
estimated at approximately 50% [6], remain seronegative without detected antibodies. In addition, the CSF white

blood cell count and protein level are within the normal range in up to 20% of patients with AE [7,8].

Brain magnetic resonance imaging (MRI) is the most widely used imaging modality for AE diagnosis, typically
showing T2-FLAIR hyperintensity of medial temporal lobes [9]. However, it has been shown that a significant
proportion of patients - for example, 70% of patients with anti-NMDAR antibody encephalitis - have normal

brain MRI or non-specific abnormalities [1].

[18F]Fluorodeoxyglucose positron emission tomography/computed tomography (*F-FDG PET/CT) could be a
valuable biomarker of suspected AE [10,11]. While whole-body ‘8F-FDG PET/CT is often performed to detect
occult malignancies [12], brain ®F-FDG PET/CT can also support the diagnosis of AE by providing information
on synaptic activity. According to the currently available diagnostic criteria by Graus et al. [5], three levels of
evidence exist in the initial diagnosis workup, i.e., possible, probable and definite AE. In this context, the role of
18F-FDG PET/CT is limited to the diagnosis of definite AE through the evidence of bilateral medial temporal
hypermetabolism, as an alternative to cerebral MRI, with no contribution of F-FDG PET/CT for the definition
of possible or probable AE, and, as mentioned, only limbic metabolic anomalies are considered. In clinical
practice, the Graus criteria seem to lack sensitivity and to be too narrow to allow the diagnosis of all AE whose

spectrum no longer relates only to limbic encephalitis [13,14].



Several studies have nevertheless addressed the role of ®F-FDG PET/CT in the early diagnosis process of
suspected AE, with also a recent meta-analysis [15], suggesting that ®F-FDG PET/CT is more sensitive for this
purpose than brain MRI [16]. Indeed, hypometabolism or hypermetabolism is observed in patients with normal
MRI [17-19], as well as extra-limbic PET abnormalities [16]. These previous studies highlighted distinct *8F-
FDG PET/CT patterns in AE patients, including medial temporal and striatal hypermetabolism contrasting with
diffuse cortical hypometabolism [20-24]. However, these previous studies included a substantial proportion of
case reports [25-31] and were mostly limited to the identification of specific autoantibodies [21,32,33]. Above
all, the methodology used for brain PET analysis in this issue is highly heterogeneous and hampered by several
considerations: reduced spatial resolution of brain data extracted from whole-body ®F-FDG PET/CT [34,35],
lack of reproducibility of visual interpretation, and absence of standards for semi-quantitative analyses [36—38];
methods for intensity normalization are especially variable. Whereas some authors performed a standardization
on global cerebral activity (i.e., proportional scaling) [32,34,35], others normalized to a supposedly preserved
region of interest (for example the pons), which is always difficult to select in cases of encephalic impairment
[39]; finally, the method used is not specified in some studies [33,40]. In this context, larger cohort studies of
patients suspected of AE are required, along with the standardization of ¥F-FDG PET/CT interpretation based
on reproducible and efficient biomarkers to clarify the potential role of 8F-FDG PET/CT in the diagnosis of AE

[16].

Since absolute quantification is inappropriate in this clinical setting, the choice of intensity normalization method
appears to be a crucial step for the semi-quantitative analysis, with a potential impact on the sensitivity and
specificity of obtained results. Semi-quantitative analyses have been successfully applied in neurodegenerative
disorders such as Alzheimer's disease, where biomarkers correspond to hypometabolism, by proportional scaling
or intensity normalization on a preserved reference region such as the cerebellum or the pons. Nevertheless, in
patients with abnormally low cerebral glucose metabolic rates, the proportional scaling method has shown
limitations, underestimating the extent of hypometabolic areas and falsely identifying ‘hypermetabolism’
corresponding to brain regions that were best metabolically preserved [41]. As mentioned, intensity
normalization is therefore alternatively performed on regions known to be preserved in this disease (e.g., the
pons or the sensory-motor cortex) [42,43]. In the context of AE, this method of normalization cannot be applied
because diffuse hypometabolism coexists with regional hypermetabolism. Specifically, few reports have
suggested that the increase in the metabolic ratio between the striata and the cortex was a potential biomarker of

AE [23]. To overcome the methodological limitation of activity normalization in this population, we thus suggest



dividing brain metabolism by those of the striatum to obtain parametric images, assuming that the metabolic

ratio of cortex/striatum would be decreased in patients in comparison to controls.

Therefore, the aim of this study was to determine the diagnostic value of this ®F-FDG PET/CT cortex/striatum
metabolic biomarker in a large cohort of patients suffering from AE, in comparison to healthy subjects and
additionally in comparison to a control group of patients with MCI, and to search for clinical/paraclinical

correlations with the course of the disease.

Materials and methods

Study design and patients:

We conducted a single-centre retrospective study at Timone Hospital, Marseille, since 2011. This research
project retrospectively includes data acquired in clinical settings after information of patients and absence of

opposition (MR-004 French research type).

Patients had subacute onset of neurological (anterograde memory disorders, confusion for more than 24 hours,
unexplained inaugural seizure, unexplained vigilance disorders, subacute cerebellar syndrome, unexplained
dysautonomia or abnormal movements), or psychiatric symptoms (disturbances in behaviour, mood or character,
psychosis or hallucinations) with atypia (lack of sensitivity or poor tolerance to psychotropic treatment,
occurrence of catatonia, visual hallucinations, presence of associated somatic or neurological symptoms). AE
cases were identified as those meeting Graus' criteria. A complete clinical and paraclinical evaluation, including
a lumbar puncture, an autoantibody test, a brain MRI and a brain ®F-FDG PET/CT, was also required for
inclusion. Brain MRI were interpreted by expert neuroradiologist in clinical settings, and were considered
positive when a bilateral temporal T2 FLAIR hypersignal was identified according to Graus’ criteria. The data
concerning the population (age, sex), associated neoplasia, clinical symptoms, cerebrospinal fluid analysis
(cellularity, proteinorrhachia, intrathecal immunoglobulin synthesis), autoantibody testing in the serum and CSF,
brain MRI, brain ®F-FDG PET/CT, treatments and clinical evolution, the delay as expressed in months between
the onset of symptoms and positive diagnostic of encephalitis (also corresponding to the delay between the onset
of symptoms and the 8F-FDG PET/CT) were collected for all patients using our institution database. Patients
were excluded if an alternative aetiology was identified, such as herpetic encephalitis, Gayet-Wernicke
encephalopathy, neurodegenerative disease or focal brain lesion. Patients for which ®F-FDG PET/CT was
required for the positive diagnostic of encephalitis were also excluded. In details, on the 89 patients initially

identified on clinical criteria, 14 patients didn’t meet Graus’ criteria, 3 were excluded because the diagnostic



criteria #2 from Graus’ criteria was only supported by ®F-FDG PET/CT data, 3 were excluded because of lack

of CSF results, and 13 in absence of ¥F-FDG PET/CT. The final cohort included 56 patients.

18F-FDG PET/CT

1BF-FDG PET/CT was performed for each patient during hospitalization at time of positive diagnostic and before
the initiation of treatment. Dedicated ®F-FDG brain PET scans were acquired at the same center with an
acquisition protocol conforming to European guidelines; the measurements were performed in a resting state
after at least 4 hours of fasting with control of normal glycaemic levels. An integrated PET/CT General Electric
camera (Waukesha, W) was used, and ¥F-FDG was administered intravenously at 3 MBg/Kg per 15 min
acquisition, with each acquisition beginning at 30 to 40 min post-injection. All included patients had also a
whole-body ®F-FDG PET/CT in addition to the brain PET to search a paraneoplastic origin. Images were
reconstructed on a 192x192 matrix using the ordered subset expectation maximization algorithm and corrected

for attenuation using a CT transmission scan.

Thereafter, whole-brain statistical analysis was performed at the voxel level using SPM8 software (Wellcome
Department of Cognitive Neurology, University College, London, UK). The PET images were spatially
normalized to the Montreal Neurological Institute (MNI) atlas. The dimensions of the resulting voxels were
2x2x2 mm. The images were smoothed with a Gaussian filter (8 mm full width at half-maximum) to blur
individual variations in gyral anatomy and to increase the signal-to-noise ratio. As mentioned, the limitations of
normalization methods for the efficient detection of diffuse hypometabolism associated with regional
hypermetabolism have thus led to the evaluation of the activity parameterization to the striata to improve the
discrimination of AE patients from controls. This choice was based on the demonstration of a decreased
cortex/striatum ratio in previous studies [23] with the hypothesis that encephalitis is indeed characterized by
striatal hypermetabolism and cortical hypometabolism, and that the ratio of these two variables could have a
diagnostic value. The individual bilateral striatal value was obtained for each subject using the “Anatomical
ROIs (regions of interest) Analysis” toolbox of SPM, allowing the automatic extraction of the labelled region

mean value from the Anatomical Automatic Labeling (AAL) atlas [44].

This data set was compared to that of two control groups. The first control group included 44 healthy subjects
from a local database of normal *®F-FDG PET/CT previously acquired under the same technical conditions,
comparable in age and sex to our sample of patients with AE (p > 0.05, 24 women (54%), median age 56 years,

range 35-78 years). These individuals were free of neurologic and psychiatric disease and had normal brain MRI.



The second control group was a group of MCI (mild cognitive impairment) patients from Alzheimer's Disease
Neuroimaging Initiative (ADNI) study, and included 688 patients (277 women (40%), median age 73 years,

range 55-91 years, median MMSE 28, with range 16-30).

Whole-brain group analysis (two-sample t-test) was performed to evaluate the ¥F-FDG PET/CT metabolic ratio
in AE patients in comparison to healthy subjects. The threshold was set at p < 0.05, FWE (family-wise error)
corrected for multiple comparisons, for the voxel and for the cluster. The metabolic ratio of found cluster was

extracted for each AE patients and controls, using MarsBaR (http://marsbar.sourceforge.net/)

Statistical analysis

Continuous variables are reported as means and interquartile ranges (IQRs) or as medians and ranges (min,
max), and categorical variables are reported as frequencies and percentages. Differences in mean values were
tested with Wilcoxon — Mann Whitney test. The performance of the metabolic ratio for the differentiation of AE
patients from controls was assessed using the receiver operating characteristic (ROC) curve allowing the
calculation of the area under the curve (AUC) and to identify an optimal threshold based on sensitivity and
specificity. The relationship between the metabolic ratio and clinical or paraclinical data was assessed by
Spearman’s correlation coefficient for quantitative variables (age, delay between the onset of symptoms and *8F-
FDG PET/CT) and by Mann-Whitney test for binary variables. A linear regression model for multivariate
analysis was performed including the variables with a p value < 0.2 in univariate analyses. A two-sided p-value

of < 0.05 was considered to indicate statistical significance.

Results

Patient characteristics

Patients’ characteristics are summarized in Table 1. The median age of the population was 60 years (range 16-
83). The patients comprised 29 women (52%) and 27 men (48%). According to the existing diagnostic criteria
from Graus and colleagues, 37 patients (66%) had definite encephalitis, 5 patients (9%) had probable

encephalitis, and 14 patients (25%) had possible encephalitis.

At the initial stage of the disease, the main symptoms of subacute onset as described by patients were cognitive
impairments, including confusion and anterograde amnesia for 41 patients (73%), seizures for 30 patients (54%),

atypical psychiatric symptoms for 23 patients (41%) and cerebellar ataxia for 9 patients (16%).



The oncological work-up including whole-body *8F-FDG PET/CT initially identified an underlying tumour in 16
patients (29%). These cancers were located to the lungs of 5 patients (3 adenocarcinoma and 2 small cell lung
cancers) and were of gynaecologic origin in 4 patients (2 ovarian, 1 breast, 1 cervical neoplasm), urologic origin
in 3 patients (2 prostatic adenocarcinomas and 1 seminoma) and digestive origin in 1 patient (pancreatic

neuroendocrine tumour). We also found 2 lymphomas and a thymoma.

Characteristics Values
N 56
Age, years, median (range) 60 (16-83)
Sex, female, n (%) 29 (52)
Level of evidence for autoimmune encephalitis*, n (%)

Possible 14 (25)

Probable 5(9)

Definite 37 (66)
Clinical symptoms, n (%)

Seizures 30 (54)

Cognitive disorders, confusion, amnesia 41 (73)

Psychiatric symptoms 23 (41)

Cerebellar ataxia 9 (16)
Cancer, n (%) 16 (29)
CSF abnormalities, n (%)

Hyperproteinorrhachia (> 0.5 g/L) 25 (45)

Pleocytosis 16 (29)

Intrathecal Ig synthesis 25 (45)

Normal CSF 15 (27)
Autoantibodies, n (%)

Positive 31 (55)

Negative 25 (45)
Brain MRI findings, n (%)

Temporal mesial T2 FLAIR hypersignal 23 (41)

Normal or non-specific MRI 33 (59)
Treatment response, n (%)

Full response 20 (36)

Partial response 14 (25)

No response 16 (29)

Not evaluable 6 (11)
Death, n (%) 7(12)

Table 1. Clinical and paraclinical characteristics of patients with autoimmune encephalitis.

Abbreviations: CSF: cerebrospinal fluid; 1g: immunoglobulin; MRI: magnetic resonance imaging; FLAIR: fluid
attenuated inversion recovery.

* According to Graus’ criteria (Graus F, Titulaer MJ, Balu R, Benseler S, Bien CG, Cellucci T, et al. A clinical
approach to diagnosis of autoimmune encephalitis. Lancet Neurol. 2016;15:391-404)



Other paraclinical findings

Concerning paraclinical data (Table 1), cerebrospinal fluid analysis was normal in 15 patients (27%), while
abnormalities were detected in 41 patients (73%). Among these abnormalities, hyper-proteinorrhachia was
observed in 25 patients (45%), pleocytosis in 16 patients (29%) and intrathecal immunoglobulin synthesis in 25

patients (45%).

Autoantibodies were identified in 31 patients (55%), while 25 patients (45%) had seronegative encephalitis. Of
the antibodies detected, 13 targeted intracellular antigens and 18 targeted cell-surface antigens (Table 2). Among

the seronegative encephalitis patients, 7 patients had normal CSF analysis results.

On average, brain MRI was performed 7 +9 months after the onset of symptoms. Bilateral mesial temporal lobe
T2 FLAIR hypersignal was observed in 23 patients (41%). Thirty-three patients (59%) had normal brain MRI or

non-specific findings with hypersignal outside the medial temporal lobe, thus corresponding to a negative MRI.

Five patients (9%) in the group of possible AE had normal CSF analysis, normal brain MRI and seronegative

encephalitis.

Autoantibodies, n (%)

Against intracellular antigens (total) 13 (23)
YO 3(5)
GAD 4(7)
Ma?2 2 (4)
SOX1 3(5)
Hu 1(2)

Against cell-surface antigens (total) 18 (32)
CASPR2 4(7)
LGI1 2(4)

VGKC 4 (7)

NMDAR 8 (14)
Seronegative AE 25 (45)
Total 56 (100)

Table 2. Antibody status of patients with autoimmune encephalitis

Abbreviations: GAD: glutamic acid decarboxylase; CASPR2: contactin-associated protein-like 2; LGI1:
leucine-rich glioma inactivated 1; NMDAR: N-methyl-D-aspartate receptor; VGKC: voltage-gated potassium
channel-complex; AE: autoimmune encephalitis.



Brain ®F-FDG PET/CT and SPM analysis

In comparison to the healthy subjects, voxel-based statistical analysis identified a large cluster of decreased
cortex/striatum metabolic ratio in patients with autoimmune encephalitis (p < 0.05, FWE corrected; Figure 1),
predominant in associative cortices, involving the frontal, parietal, occipital and temporal cortices, as well as in

the anterior and posterior cingulate. The preserved regions were the rolandic and temporal limbic regions. No

increased metabolic ratio was identified in patients.

Figure 1. Voxel-based analysis of brain ¥F-FDG PET/CT following parametrization to the striatum.
Widespread decrease of cortex/striatum metabolic ratio in patients with autoimmune encephalitis, in comparison
to healthy subjects (p-voxel < 0.05, FWE corrected).

Discriminant function analysis

For AE patients, the mean cortex/striatum metabolic ratio was 1.16 + 0.13, with a range from 0.94 to 1.53. In the
control groups, the mean cortex/striatum metabolic ratio was significantly higher, with a mean value of 1.39 +
0.08 and a range from 1.21 to 1.60 for healthy subjects (p < 0.001) and a mean value of 1.32 £0.11 and a range
from 1.04 to 1.74 for MCI patients (p < 0.001). Thirty-eight patients (68 %) of the AE group had a
cortex/striatum metabolic ratio lower than the lowest value in the healthy subjects group, and 10 (18%) had a

cortex/striatum metabolic ratio lower than the lowest value of the MCI patients (Figure 2).

The discriminant value of the cortex/striatum metabolic ratio was evaluated. The ROC curves summarizing the

accuracy of 8F-FDG PET/CT cortex/striatum metabolic ratio to discriminate AE patients from controls are

10



depicted in Figure 3. To differentiate AE patients from healthy subjects, the AUC was 0.935 indicating excellent
diagnostic accuracy. To differentiate AE from MCI patients, the AUC was slightly lower while maintaining a
good accuracy (0.830). According to the ROC curve, the best threshold of cortex/striatum metabolic ratio to
differentiate AE from controls was 1.23 allowing a sensitivity of 71% (correct classification of 40/56 AE
patients), a specificity of 82% against MCI patients (correct classification of 565/688 MCI patients) and a
specificity of 98% against healthy subjects (correct classification of 43/44 healthy subjects). By lowering the

value of the cortex/striatum metabolic ratio, the specificity increased but the sensitivity was rapidly degraded.
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Figure 2. Distribution of cortex/striatum metabolic ratio in patients with autoimmune encephalitis, in
comparison to healthy subjects and patients with mild cognitive impairment (MCI).
The black line represents the mean of each group.
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Figure 3. Sensitivity, specificity and ROC curves to identify patients with autoimmune encephalitis (AE)
from healthy subjects and from patients with mild cognitive impairment (MCI) according to the
cortex/striatum metabolic ratio.

A. Sensitivity and specificity of the cortex/striatum metabolic ratio to identify patients with AE from healthy
subjects according to different threshold values. B. Sensitivity and specificity of the cortex/striatum metabolic
ratio to identify patients with AE from patients with MCI according to different threshold values. C. Receiver
operating characteristic curve of the cortex/striatum metabolic ratio to identify patients with AE from healthy

subjects. D. Receiver operating characteristic curve of the cortex/striatum metabolic ratio to identify patients

with AE from patients with MCI.

Relationship between cortex/striatum metabolic ratio and clinical/paraclinical data

The metabolic ratio data did not show any statistically significant association in univariate analysis with clinical
and paraclinical (p-value > 0.05). Considering a p-value threshold of 0.2 for further multivariate analyses, the
cortex/striatum metabolic ratio was lower for patients with positive MRI (1.141 versus 1.197; p = 0.18), for

deceased patients (1.103 versus 1.179; p= 0.17) and when the delay between the onset of symptoms and 8F-

12



FDG PET/CT was shorter (Spearman’s Rho = 0.188; p value = 0.17). In multivariate analysis, a trend towards an
association between a lower metabolic ratio and an earlier®®F-FDG PET/CT was identified (p = 0.07). The
association of a low metabolic ratio with a higher risk of death (p = 0.21) or with a bilateral mesial temporal lobe
hypersignal on MRI (p = 0.16) was not statistically significant on the multivariate analysis. No significant
association was finally found with clinical symptoms or clinical course under treatment (p > 0.05) (Table 3).
Moreover, no significant correlation was observed between the ratio and either the presence of intrathecal
immunoglobulin synthesis or a suspected humoral or cellular pathophysiology of encephalitis deduced from the
types of antibodies (against cell surface antigens (mean value = 1.106) or against intracellular antigens (mean
value = 1.205)), even though there was a trend towards a lower ratio in patients with antibodies against cell

surface antigens (p = 0.11).

N (%) P value

Mean metabolic ~ Mean metabolic ~ Univariate ~ Multivariate
ratio in the ratio in the analysis analysis

positive group negative group

Sex (female) 1.179 1.138 0.24

Cancer 1.180 1.161 0.32

Seizures 1.188 1.145 0.36

Cognitive disorders 1.178 1.157 0.90

Psychiatric symptoms 1.153 1.179 0.67

Cerebellar ataxia 1.199 1.157 0.46

Pleocytosis 1.159 1.171 0.62

Hyperproteinorrhachia 1.157 1.179 0.83

Detected autoantibodies 1.163 1.166 0.88

MRI profile of encephalitis 1.141 1.197 0.18 0.16

Full response 1.161 1.171 0.66

No clinical benefit 1.127 1.187 0.45

Death 1.103 1.179 0.17 0.21

Spearman’s Rho

Age -0.090 0.51
Delay between onset and PET 0.188 0.17 0.07

Table 3. Relationships between PET cortex/striatum metabolic ratio and clinical/paraclinical data

The correlation between PET cortex/striatum metabolic ratio and continuous variables (age and the delay
between symptoms onset and FDG-PET) was assessed using Spearman’s correlation coefficient. The
relationships with the binary clinical or paraclinical data (positive vs negative group) were assessed by Mann-
Whitney test. Only variables with a p value < 0.2 have been included in the multivariable analysis (linear
regression model): MRI profile of encephalitis, Death, and Delay between onset and PET.

13



Discussion

This brain 8F-FDG PET/CT voxel-based analysis demonstrates a large decreased of cortex/striatum metabolic
ratio in patients with AE in comparison to healthy subjects and MCI patients. This ratio correctly identified

patients with AE at individual levels, and could thus be used as a biomarker.

In the present study, we retrospectively evaluated a cohort of 56 patients with a diagnosis of AE according to
Graus criteria who underwent a complete clinical and paraclinical evaluation including ¥F-FDG PET/CT. AE is
a relatively rare but serious disease with the potential to cause disability. Since immunosuppressive therapeutics
have been shown to have a major impact on prognosis, the early diagnosis of AE is essential. However, it is
consensually acknowledged that such a diagnosis remains problematic since it is often missed or delayed in
patients with heterogeneous and unspecific clinical presentations. Furthermore, standard additional tests may be
within normal limits in a significant proportion of patients. Accordingly, in our population of 56 patients with a
validated diagnosis of AE, the analysis of cerebrospinal fluid was normal in 15 patients (27%). Similarly, in a
recently published study evaluating the prevalence of CSF markers associated with inflammation in patients with
active AE, Hebert el al. [7] identified 26/95 (27%) patients with white blood cell counts and protein levels within
normal limits, comparable to the values found in our study. Likewise, brain MRI showed a bilateral mesial
temporal lobe T2-FLAIR hypersignal in only 23 of our patients (41%) as well as some non-specific findings.
The suboptimal sensitivity of brain MRI has been described in several studies [36,45]. Probasco et al. [24] found
only 23 MRIs (40%) consistent with the diagnosis of AE in a retrospective study including 57 autoimmune
encephalitis patients. A meta-analysis by these same authors identified 68/114 (60%) patients for whom MRI
was supposedly consistent with AE without describing the image abnormalities justifying such a diagnosis. The
rather variable delay before MRI, which can extend up to several years following symptom onset, may have
contributed to the decrease in sensitivity. Finally, seronegative AE constitutes a major diagnostic issue, estimated
at approximatively 50% of cases [6] and comparable to what is observed in our population (25/56 patients with
seronegative AE). Consequently, the identification of a sensitive biomarker would be relevant in establishing the

diagnosis of AE.

The role of brain ¥F-FDG PET/CT in the currently used diagnostic criteria [5] is restricted because it represents
an alternative to brain MRI for the diagnosis of definite encephalitis only, and because it is limited to the
demonstration of temporal lobe hypermetabolism. Graus and colleagues underlined two major drawbacks for the
use of brain ®F-FDG PET/CT, namely, the lack of large studies with homogeneous patient cohorts and the lack

of image standardization using more objective semi-quantitative measures.
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Recent studies [39,46] have shown a significant diagnostic contribution of semi-quantification in comparison to
visual analysis alone in this context, leading to more comparable and accurate results. For example, Lv et al.
identified striatal hypermetabolism upon semi-quantitative analysis in 73% of patients who did not present with a
visual metabolic striatal abnormality. Indeed, visual analysis is a subjective process that depends on the
physician’s experience, and has limitations in evaluating hypermetabolism. Visual analysis requires auto-
windowing of the image according to a reference region with the greatest ®F-FDG uptake (e.qg., the striatum).
This point may partly account for the great heterogeneity of the metabolic profiles described in the literature
[20,24,36], since most of these descriptions were based on qualitative analysis in which some hypometabolism
probably corresponded to a relative decrease in cortical metabolism in comparison with the striatum or limbic

hypermetabolism.

Heterogeneity of results was also observed among studies that investigated AE by means of a semi-quantitative
analysis. Such heterogeneity may be explained by methodologies not suited for the combined detection of
hypometabolism and hypermetabolism in AE patients. More precisely, some investigators have carried out their
analysis following proportional scaling [32,34,35], while others have used intensity normalization on a region of
interest [39]. However, it is now acknowledged that the intensity normalization method could lead to poor
detection of hypometabolic areas or to the artefactual identification of hypermetabolism in the best-preserved

areas, as demonstrated in the field of dementia.

Based on 3 cases of autoimmune encephalitis with anti-VGKC antibodies, Rey et al. [23] detected a common
18F-FDG PET/CT pattern of relative striatal hypermetabolism contrasting with diffuse cortical hypometabolism.
Moloney et al. [28] also performed qualitative and semi-quantitative analysis of brain *F-FDG PET/CT in one
patient over the course of the symptomatic phase of VGKC encephalitis. They identified an increase in the
metabolic gradient between the striatum and cortex in semi-quantitative analysis and hypothesized that such a
pattern may be specific for encephalitis, at least in the setting of VGKC encephalitis. In a cohort of 24 patients
with anti-NMDAR, anti-GAD and anti-VGKC encephalitis, Tripathi et al. [47] identified heterogeneous
metabolic profiles, with more often cortical parieto-occipital hypometabolism and striatal hypermetabolism, on

semi-quantitative analysis.

In our study, the objective was to validate a PET biomarker with a discriminant value for diagnosis of AE. We
do not aim at identifying a biological biomarker to clarify the pathophysiology of encephalitis. Consequently, we
parameterized the intensity of all 8F-FDG PET/CT images on striatal activity, which was justified on the

hypothesis that encephalitis is characterized by striatal hypermetabolism and cortical hypometabolism, and that
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the ratio of these two variables could thus enhance a discriminant diagnosis. In comparison to healthy subjects,
and secondarily confirmed in a large independent group of patients with MCI, voxel-based statistical analysis
identified a widespread cortical decreased metabolism compared to the striata, predominant on the associative
cortex and essentially preserving the rolandic and temporal limbic regions. This aspect confirms a decrease in the

metabolic gradient between the cortex and the striata in patients with AE, regardless of the type of antibody.

The cortex/metabolic ratio was significantly lower in patients with AE than in controls. This cortex/striatum
metabolic ratio allowed an effective classification of AE patients versus healthy subjects (AUC = 0.935).
However, the specificity of brain FDG patterns is often questionable, especially for diffuse hypometabolism
which can be observed in different diseases (for instance, in the field of neurodegenerative disorders) [15,16]. To
assess the specificity of our metabolic ratio, we chose to add a control group corresponding to MCI patients of
various origins from ADNI that are expected to have regions of hypometabolism but likely less extended than
the AE patients, and without areas of hypermetabolism. Compared to MCI patients, the discriminating
performance of the ratio remains good (AUC = 0.830) and a threshold of 1.23 appeared to be effective for the
practice probably in association with other criteria, allowing AE patients to be identified with a sensitivity of
71% and a specificity of 82%. At this threshold, the sensitivity is moderately lower than that identified for brain
1BF-FDG PET/CT in the recent meta-analysis of Bordonne et al. (overall detection sensitivity of 87% (80-92%))
based on 21 publications in which the specificity of ¥F-FDG PET/CT is not assessed. In our study, an equivalent
sensitivity could be obtained with a slightly higher threshold whereas the choice of a lower ratio makes it
possible to gain in specificity while degrading the sensitivity of the test. Indeed, the patients with the lowest ratio
all belonged to the AE group (10/56 AE patients had a lower ratio than the lowest value of the MCI group). This
metabolic gradient was more frequently affected than other paraclinical parameters evaluated. ®F-FDG PET/CT

with semi-quantitative analysis therefore appears to be an effective biomarker in AE.

A lower cortex/striatum metabolic ratio was not significantly correlated with clinical or paraclinical data. A trend
towards an association with a disease diagnosed earlier as evidenced by the link with shorter delay between the
onset of symptoms and ®F-FDG PET/CT (p = 0.07 in multivariate analysis) was described. The performances of
1BE-FDG PET/CT in AE are known to be clearly influenced by the time from the onset of symptoms [15]. The

identification of a lower ratio at the beginning of the disease is suited for the objective of an early diagnosis.

The prognostic value of the ratio could not be demonstrated although the ratio appeared lower in the group of

patients who died because of the disease (p = 0.21 in multivariate analysis). The rather small simple size of our

cohort of AE patients explained by the low incidence of this disease and the restrictive nature of Graus' criteria
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limits the statistical power of the correlation analyzes between the ratio and clinical/paraclinical data and did not

allow an analysis by antibody subtype.

Beyond its diagnostic role, brain ®F-FDG PET/CT likely has the potential for the assessment of therapeutic
responses associated with an improvement in the cortex/striatum ratio [22,23,34] and for the identification of

recurrence [40]. Further studies are required to elucidate the potential of ®F-FDG PET/CT for these indications.

There are several limitations to the present study. First, this is a single-centre retrospective study performed in a
tertiary referral hospital, and there is a risk of selection bias. A significant difference in disease duration prior to
BF-FDG PET/CT was noted, and some patients were evaluated years after the onset of symptoms. The observed
metabolic patterns are probably variable depending on the stages of the disease. However, this variable mirrors
clinical practice with a diagnosis that remains difficult and sometimes delayed. Finally, we do not aim at
identifying a biological biomarker to clarify the pathophysiology of encephalitis, nor to demonstrate a hypo or
hypermetabolism. Beyond clinical settings, such demonstration could be supported by absolute quantification,

considering obvious limitations of semi-quantification.

Future prospective studies are now warranted to confirm the diagnostic performance of the decreased
cortex/striatum metabolic ratio in AE patients. The currently used Graus criteria lack sensitivity, and this justifies

the development of new diagnostic criteria integrating **F-FDG PET/CT.

Conclusion

This voxel-based study performed on a large cohort of AE patients allowed us to identify a diffuse decrease
cortical/striatum metabolic ratio. This ratio demonstrated good diagnostic performance for the differentiation of
encephalitis patients from different control groups including healthy subjects and patients with MCI. Brain *8F-
FDG PET/CT with semi-quantitative analysis of the cortex/striatum ratio provides an effective biomarker that

should be used in the diagnosis of AE.
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