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Abstract

Purpose Recent advancements in autoimmune encephalitis (AE) have enhanced diagnosis and management, but predicting
long-term outcomes remains challenging. This study aims to evaluate longitudinal changes in brain ['*F]FDG PET patterns
in AE patients to identify specific regional metabolic variations and predict clinical outcomes.

Methods This longitudinal study compared brain ['*F]JFDG PET scans of 22 AE patients at baseline (BS) and after treatment
follow-up (FU) using voxel-wise paired t-tests. Significant clusters with at least 100 voxels and p<0.05 were identified and
designated as volumes of interest (VOIs). The VOI values were correlated with main clinical outcomes using partial Spear-
man’s tests, and their prognostic significance was assessed through regression models.

Results Three VOIs showed significant metabolic changes between baseline (BS) and follow-up (FU) assessments. VOI-A,
which was relatively hypermetabolic at BS, included the caudate-thalamus-parahippocampal region, right amygdala, and
anterior cingulate cortex. VOI-B1 and VOI-B2, relatively hypometabolic at BS, corresponded to the right fusiform gyrus,
precuneus, and temporo-parietal cortex, respectively. Poorer metabolic recovery in all VOIs to normalcy correlated with
greater disability (mRS) in both acute and post-therapy phases. Lower metabolism in BS VOI-B1 predicted higher Clinical
Assessment Scale in Autoimmune Encephalitis (CASE) score at FU and relapses, while lower age was a significant predictor
of escalation to second-line treatment.

Conclusions Longitudinal ['*F]JFDG PET reveals distinct regional metabolic changes paralleling clinical recovery post-
treatment in AE. Temporo-parietal metabolism correlates with relapses, clinical severity, and functional impairment, high-
lighting ['®F]FDG PET as a biological tracker of disease activity throughout AE and its prognostic value.
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importance of integrating various diagnostic modalities
to achieve a reliable, timely diagnosis, prompting early
treatment. Clinical symptoms serve as the foundation, but
diagnostic accuracy improves significantly when they are
combined with findings from imaging techniques such as
brain magnetic resonance imaging (MRI), cerebrospinal
fluid (CSF) analysis, and EEG findings that may reveal
characteristic patterns of neural activity [5]. The diagnosis
is confirmed by identification of specific neuronal antibod-
ies, although seronegative AEs exist [5]. Despite significant
advances in understanding its pathophysiology, clinical het-
erogeneity, and treatment, predicting long-term outcomes in
AE remains challenging. This underscores the critical need
for further research into prognostic factors, particularly the
complex interplay among inflammation, neuronal/synaptic
dysfunction, and recovery.

Currently, the Clinical Assessment Scale in Autoimmune
Encephalitis (CASE) score [6] and the anti-NMDAR Enceph-
alitis One-Year Functional Status (NEOS) score [7] are the
sole tools available to physicians for assessing prognosis in
AE. The CASE score predicts poor functional status (defined
as a Modified Rankin Scale, mRS, greater than 2) one year
after discharge across all types of AE, based on acute-phase
clinical symptoms. It also serves as a guide for escalating to
second-line treatment when first-line interventions are insuf-
ficient [8—10]. In contrast, the NEOS score is specifically
tailored to anti-NMDAR encephalitis and incorporates five
independent predictors of poor functional outcomes, namely
cerebrospinal fluid (CSF) pleocytosis, lack of improve-
ment one month after treatment, ICU admission, treatment
delays over one month, and abnormal MRI findings. Despite
their utility, both scores have limitations. The CASE score
emphasizes clinical symptoms, potentially neglecting fluid
or imaging information, while the NEOS score is limited to
anti-NMDAR encephalitis and lacks generalizability.

Among other potential prognostic markers for AE, CSF
cytokine profiles and EEG findings have attracted particular
attention, although results across studies have been incon-
sistent. Several cytokines have been proposed as potential
biomarkers of clinical and inflammatory activity as well
as predictors of treatment response and outcome [11, 12].
Nonetheless, no significant correlation with clinical out-
come at one year has been established [13]. Regarding
EEG, characteristic findings associated with different stages
of disease and clinical severity have been described in anti-
NMDAR-AE, but these lack specificity [12, 14]. Further-
more, no consistent EEG patterns have been identified for
other types of AE [15].

["FIJFDG PET has become increasingly important in
diagnosing AE [16]. ['®F]FDG PET offers functional imag-
ing perspective that is especially valuable in early-stage or
atypical cases, where MRI may fail to detect significant
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changes and differentiation from other neurological disor-
ders is challenging. Therefore, over time the role of ['*F]
FDG PET in AE has evolved beyond merely being a second-
ary tool, as initially proposed by Graus et al., 2016 [5]. It
has become an integral part of the diagnostic work-up, offer-
ing unique insights into the underlying neuroinflammation
and metabolic alterations. Different brain metabolic patterns
related to specific autoantibodies against intracellular and
against surface antigens have been thoroughly described,
highlighting the value of ['®F]FDG PET in differentiating
AE subtypes [17-21]. Furthermore, these ['*F]FDG PET
findings are associated with clinical symptoms, disease
severity, and recovery after therapy [5, 22—24]. The progres-
sive normalization of brain ['*F]FDG PET emphasizes the
ability to monitor disease activity suggesting its potential
role as a prognostic tool in AE. However, only a few studies
have explored this field with varying yet encouraging results.
For instance, Liu et al. [25] observed that an increased stan-
dardized uptake value (SUV) in the medial temporal lobe
structures, including the hippocampus and amygdala, may
serve as a prognostic marker in seropositive AE being cor-
related with higher mRS score following treatment. In con-
trast, Dai et al. [26] described that hypometabolism in the
right superior frontal gyrus, coupled with hypermetabolism
in the brainstem, is associated with poor outcome. However,
neither study included re-examination with ['*F]FDG PET
after the acute phase, limiting the ability to monitor dynamic
brain metabolic changes. This may be crucial for tracking
disease course, yet there is no definite evidence supporting
the clinical value of re-assessment compared to baseline.

Building on these foundations, our study aimed to evalu-
ate the longitudinal changes in brain ['*F]FDG PET before
and after treatment in a heterogeneous group of AE patients.
We analysed its practical utility to identify specific brain
regional patterns of metabolic variation over time, correlate
these changes with recovery and predict clinical outcomes,
including relapses and the need for escalation from first- to
second-line treatments. By addressing these questions, our
research aims to contribute to a more nuanced understand-
ing of the role of ['*F]JFDG PET in the management of AE
patients, regardless of the antibody subtype, ultimately
enhancing personalized treatment strategies and improving
patient outcomes.

Methods and materials
Study population
A total of 22 AE patients were included consecutively

from IRCCS Policlinico San Martino (Genoa, Italy) and
Sant’Andrea (La Spezia, Italy) hospitals between January
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2013 and December 2023, from an in-house dataset of 45
patients diagnosed with AE in the same timeframe. As for
the inclusion criteria, they fulfilled the clinical diagnostic
criteria for “definitive autoimmune limbic encephalitis”,
“definite anti-NMDA receptor encephalitis”, or “autoan-
tibody-negative but probable autoimmune encephalitis”
(Graus et al., 2016); they performed brain ['*F]JFDG PET
both at the time of AE diagnosis (baseline timepoint, BS)
and after immunomodulatory therapy, at least 3—6 months
after the previous one (follow-up timepoint, FU). The aver-
age time between performing the BS and FU ['*F]JFDG PET
was 11.0 months. Patients were clinically observed every
six months for a mean of 4 years, ranging from 5 to 156
months.

The following data were collected for each patient: sex
and age at onset of AE, presence and type of autoantibod-
ies, main presenting symptoms, i.e., cognitive impairment,
epilepsy, psychiatric disorders, and others (e.g., speech
disorders, diffuse pain, asthenia and profuse sweating),
CASE and mRS score at BS and FU timepoints, as well as
relapse occurrence and treatments considered as 1st -line
(high-dose steroid, plasmapheresis, or intravenous immu-
noglobulins, IVIG) or 2nd -line (Rituximab or other immu-
nosuppressants, such as azathioprine) during the overall
clinical observation.

Autoantibodies detection

Neuronal surface antibodies were tested on serum and or
CSF samples through indirect immunofluorescence (IFI) on
transfected EU 90 cells (Euroimmun, Lubeck, Germany),
following manufacturer’s instructions and recommended
dilutions. Sera were tested for anti-NMDAr, -AMPArl,
-AMPAr2, -GABArB1/B2 -DPPX, -CASPR2, -LGI1 total
IgG antibodies at dilution of 1:10. CSF samples were tested
undiluted. Intracellular neuronal antibodies were tested
through IFI on primate cerebellum (Euroimmun, Lubeck,
Germany) and with line-blot immunoassay (Ravo Diagnos-
tika, GmbH) for the detection of Hu, Yo, Ri, CV2, Amphi-
physin, Mal, Ma2, SOX1, DNEr, Zic4, GAD65, PKCy,
Recoverin and Titin following manufacturer’s instructions.

['®F]FDG PET protocol and image pre-processing

We followed European Association of Nuclear Medicine
guidelines for PET/CT in effect at the time of scan acqui-
sition [27]. The PET/CT scanner was a Siemens Biograph
16. All patients were asked to fast for at least 6 h, and fast-
ing blood glucose levels could not exceed 8 mmol/L. The
injection dose was 185-250 MBq, and the imaging agent
was 18 F-FDG. After injection, the patients were required to
rest quietly and were isolated in a dedicated room to ensure

minimal auditory and visual stimulation. The brain imag-
ing acquisition time was 45 min after injection. For imag-
ing reconstruction ordered subset-expectation maximization
(OSEM) was used, while MATLAB and Statistical Para-
metric Mapping software (SPM12, Wellcome Trust Centre
for Neuroimaging, London, United Kingdom) were used for
further processing. The PET images were normalized into
a specific FDG-PET template in the MNI stereotaxic space
[28] and resampled to 2x2x2 mm?® voxels, then spatially
smoothed using a 10-mm isotropic Gaussian filter.

['®F]FDG PET analysis
Metabolism changes at BS relative to normalcy

After pre-processing, the smoothed images were subjected
to a voxel-based analysis (VBA) of the whole brain com-
paring the ['*F]JFDG PET in AE at acute phase (BS) and
a control (CTR) group by two-sample t-test with age as a
covariate.

The CTR group was composed of 30 individuals without
objective neurocognitive disorders - matched for age and
sex with the AE patients (15 females; age 57.5+20.1, range
15.5-84.7 years) - who underwent ['*F]JFDG PET within the
framework of previous research as healthy controls (n=25)
or in the diagnostic workup for other systemic disorders
(n=5) without evidence of central nervous system alteration
at the time of the scan. Their health status at the time of the
["®F]FDG PET scan was verified through medical records
and their scans were judged to be normal by expert readers.

Longitudinal metabolism changes from BS to FU

Images were subjected to VBA of the whole brain compar-
ing in the same patients the scans at BS and FU timepoints
(paired t-test). In a first analysis, voxels with a significantly
different metabolism value in the two groups regardless
of direction (F-contrast) were identified. This preliminary,
exploratory, step was deemed essential, as it allowed us to
account for the potential coexistence of hyper- and hypo-
metabolic regions within the same patient as an expression
of the disease. Then, considering a priori FU as the normal-
ization of the disease overtime, a T-contrast was applied to
test the direction of these differences, i.e., relatively hypo-
metabolic (—1; 1) or hypermetabolic (1; —1) regions (hereaf-
ter volumes of interest, VOIs) at BS relatively to FU.

In all VBAs we normalized the raw metabolic values to
whole-brain activity. This adjustment accounts for the poten-
tial involvement of cortical and subcortical structures in the
encephalitic process, preventing the identification of any
unaffected reference region a priori serving as a reliable refer-
ence. To mitigate the risk of false findings caused by relative
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hypermetabolic areas as an artifact of global mean normaliza-
tion in SPM, the “gray matter threshold” was raised from the
default value of 0.8 to 1. This adjustment excluded voxels from
hypometabolic regions as well, following the approach used by
other researchers when studying neurological conditions that
may involve both hypometabolism and hypermetabolism [29,
30]. Drawing on experience from neurodegenerative research,
standard proportional global mean scaling was applied to each
image under the assumption that local changes do not signifi-
cantly affect the global mean glucose uptake, thus preventing
underestimation of hypometabolism and overestimation of
hypermetabolism in SPM-based statistical analyses [31, 32].
The result of the analyses was an SPM t-Map, indicating clus-
ters of statistical significance. We applied a statistical thresh-
old of p<0.001 at the voxel-level and explored additional
more permissive thresholds up to p=0.005 to balance between
type I and type II errors [33] as used in previous ['*FIFDG
PET studies by our group [34, 35] in consideration of the rela-
tively low sensitivity of PET analysis in repeated measures. A
stricter voxel-level threshold would be excessively conserva-
tive due to the inherent signal-to-noise characteristics of ['°F]
FDG PET imaging, particularly in small cohorts. However, we
were rigorous in considering only clusters containing at least
100 voxels and that reached statistical significance (p<0.05)
for multiple comparisons at the cluster level after correction
for family-wise-error (FWE), thus minimizing the probability
of spurious findings. This approach is consistent with previous
PET studies and established guidelines for automated evalua-
tion of ['*F]FDG PET scans [36].

Cluster coordinates were converted using Ginger Ale and
Talairach Client software for mapping onto the Brodmann-
classified Talairach 3D atlas. Using the Marsbar (MAR-
Seille Boite A Région d’Intérét) toolbox implemented in
SPM12, we calculated the average count density of the
distinct relatively hypermetabolic or hypometabolic VOlIs,
scaling them against whole-brain counts as a reference. The
VOI metabolic values of AE (at BS and FU) and CTR were
then used in the subsequent VOI-based statistical analyses.

Statistical analysis
Demographic, clinical and treatment data

Clinical-demographic data with relapse occurrence and treat-
ments were described in patients in terms of mean, standard
deviation (continuous variables) and percentages (categori-
cal variables). Continuous variables were tested to deter-
mine whether they conformed to a normal distribution by
the Shapiro—Wilk normality test. CASE and mRS scores at
BS and FU were compared in patients by paired two-tailed
T-Test or Wilcoxon rank sum test according to normal distri-
bution of the values. Age, sex, CASE and mRS scores were
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also compared in patients with or without clinical relapse and
in patients treated with 1st -line therapy compared to those
escalating to 2nd -line treatments during the entire clinical
observation by unpaired two-tailed T-Test or Wilcoxon rank
sum or Chi-square test y*> when appropriate. VOI-based analy-
sis. We assessed whole-brain-scaled metabolic count density
within each VOI for the AE (at BS and FU) and CTR groups
using a one-way ANOVA with Bonferroni-corrected post-hoc
comparisons. This analysis aimed to establish whether each
VOI was relatively hypo- or hypermetabolic at BS versus FU,
with metabolic normalization after therapy inferred when FU
values overlapped those of the CTR group. VOI values were
also compared in the AE patients after stratification accord-
ing to clinical outcomes, including dichotomized CASE and
mRS scores (based on median cut-offs), relapse occurrence
(yes/no), and treatment type (1st -line/1st+2nd -line). Clinical
scales (i.e., CASE and mRS) were correlated with the distinct
VOI values at BS or FU by partial age-adjusted Spearman’s
test. The metabolic values of the BS VOIs were then used in
regression models to test their prognostic role using the pre-
vious clinical variables as separate outcomes. Generalized
linear model (GLM) was used for continuous outcome vari-
ables (CASE FU and mRS FU), while binomial logistic model
(BLM) was used for dichotomic outcomes, namely relapse
occurrence (yes/no) and treatment type (lst -line/1st+2nd
-line). Multicollinearity among covariates was assessed using
Spearman’s correlation and variance inflation factor (VIF),
with a 2.5 cutoff commonly used in the literature [37]. AIC
and BIC were used to select the most appropriate regression
model through a backward elimination of variables approach,
starting with a full model with the main clinical variables at
baseline (age, sex, CASE BS, mRS BS) and VOI BS values.
The model minimizing both AIC and BIC criteria was pre-
ferred, balancing fit and complexity. ROC analyses were per-
formed using the strongest predictor identified by our linear
models against the corresponding outcomes. For each anal-
ysis, sensitivity was plotted against 1 — specificity, the area
under the curve (AUC) was calculated via the nonparametric
DeLong method, and the optimal cut-off was defined as the
point maximizing the positive likelihood ratio.

A p-value<0.05 was considered significant in all the
analysis which were performed with Jamovi software (ver-
sion 2.3) and GraphPad Prism 10 (v10.4.2).

Results
Demographic, clinical and treatment data
Among the 22 patients with AE, we classified 11 patients

(50%) with definite limbic AE, 4 (18,2%) with definite
NMDAR-AE, and 7 (31,8%) with probable seronegative
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AE, according to Graus criteria [5]. Clinical relapses
occurred in 9 patients (41%). All patients were treated
with 1st -line therapy, either single (36.4%) or combined
(63.6%). Additionally, 10 out of 22 patients (45.5%) under-
went 2nd -line therapy. As for demographic values, age
significantly differed in patients escalating to 2nd -line treat-
ment (p=0.007) but not according on relapse occurrence
(p=0.058) (Table 1).

CASE and mRS scores are presented in Table 1 for all patient
groups and in the Supplementary Table Is for each AE sub-
type. As expected, at FU there was a significant improvement
in both CASE (4.4+2.75 at BS vs. 2.5+1.5 at FU, p=0.003)
and mRS (3.1+1.2 at BS vs. 2.0£1.35 at FU, p=0.002) in the
entire cohort. Notably, although all subjects showed moderate
to severe disability in the acute phase, the anti-NMDAR AE
patients had greater clinical severity (i.e., higher CASE score)
at BS. At FU, only those patients with onconeural antibody-
associated AE showed an unfavorable outcome (i.e., mRS>2),
likely driven by the underlying malignancy.

['8FIFDG PET analysis
Metabolism changes at BS relative to normalcy

Compared with controls, AE patients at BS exhibited rela-
tive hypermetabolism in bilateral cerebellum and right hip-
pocampus—amygdala complex. Conversely, they showed
widespread cortical hypo-metabolism, most pronounced
in the bilateral frontotemporal and the precuneus/poste-
rior cingulate regions. These findings are shown in Fig. 1,
whereas detailed peak coordinates, significance levels, and
corresponding Brodmann areas are listed in Supplementary
Table 2s.

Longitudinal metabolism changes from BS to FU

F-contrast BS vs. FU As detailed in Table 2, we found two
distinct VOISs significantly differing in terms of metabolism
in paired scans at BS relative to FU: (i) VOI-A formed by
the bilateral thalamus and caudate nucleus, the right para-
hippocampal and anterior cingulate cortex, and the right
amygdala, and (ii) VOI-B encompassing the right temporo-
parietal cortex and precuneus.

T-contrast BS vs. FU When predefining the direction of
regional differences, we assessed that VOI-A was relatively
hypermetabolic at BS compared to FU (contrast vector of
I; —1). Conversely, VOI-B included relatively hypometa-
bolic regions (contrast vector of —1; 1) and could be further
divided into two subclusters, namely VOI-B1 and VOI-B2,
both involving the right temporo-parietal regions. Specifi-
cally, VOI-B1 corresponds to the fusiform gyrus and the

Table 1 Demographic, clinical and treatment data

Demographic information (n=22)

Female, N (%) 12 (54.5)
Age, mean+SD 56.3+20.3
Diagnosis according to Graus criteria (n=22)

Definite limbic AE, N (%) 11 (50)
Definite NMDAR AE, N (%) 4(18.2)
Probable seronegative AE, N (%) 7 (31.8)
Auto-antibodies (n=22)

LGI1, N (%) 6(27.3)
NMDAR, N (%) 4(18.2)
CASPR2, N (%) 1(4.5)
LGI1 and CASPR2, N (%) 1(4.5)
Onconeural, N (%) 3(13.6)
Ma2, N (%) 1(4.5)
Yo, N (%) 1(4.5)
Tr/DNER, N (%) 1(4.5)
Seronegative, N (%) 7(31.8)
CSF findings (n=18)

Normal, N (%) 6(33.3)
Pleocytosis, N (%) 7(21.8)
Elevated protein levels, N (%) 5(22.7)
Oligoclonal bands, N (%) 10 (55.5)
Brain MRI (n=22)

Presence of abnormalities, N (%) 11 (50)
Symptoms at onset (n=22)

Seizure, N (%) 13 (59.1)
Psychiatric symptoms, N (%) 11 (50)
Cognitive impairment, N (%) 11 (50)
Other, N (%) 13 (59.1)
Presence of neoplasia (n=22)

Yes, N (%) 9(40.9)
Therapy (n=22)

Istline, N (%) 22 (100)
Steroid, N (%) 3(13.6)
IVIG, N (%) 5(22.7)
Steroid+PEX, N (%) 1(4.5)
Steroid +IVIG, N (%) 7(31.8)
Steroid + PEX+1VIG, N (%) 6(27.3)
2nd line, N (%) 10 (45.5)
Rituximab, N (%) 9 (41)
Azathioprine, N (%) 1(4.5)
Relapse (n=22)

Yes, N (%) 9(40.9)
CASE score (n=22)

BS timepoint, mean+SD 44423
FU timepoint, mean=+SD 2.5+0.59
mRS score (n=22)

BS timepoint, mean+SD 3.1+£0.66
FU timepoint, mean+SD 2.0£0.76

middle and inferior temporal gyri, while VOI-B2 involves
the precuneus, superior and middle temporo-occipital and
supramarginal giri, and inferior parietal lobule in the right
hemisphere.

Table 3 provides details on cluster extent and statistical
significance, coordinates, and corresponding Brodmann

@ Springer
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Axial section

Hypermetabolic areas
at BS relative to CTR

Hypometabolic areas
at BS relative to CTR

. Hypermetabolism

. Hypometabolism

Fig. 1 In the first two lines, T-maps as seen from the axial, sagittal
and coronal sections of the 2 VOI (i.e., hypermetabolic and hypometa-
bolic areas) from the direct comparison between BS and CTR groups
(height threshold of p<0.002, uncorrected for multiple comparisons at
peak level; p<0.033 FEW for multiple comparisons at cluster level).

areas for the above mentioned VOIs, which are displayed
in Fig. 2.

VOI-based analyses

The whole-brain-scaled metabolic count density values of
the distinct VOIs significantly differed in the group com-
parisons (BS, FU, CTR) (p<0.001 for all VOIs). Post-hoc
analysis revealed higher VOI-A alongside lower VOI-B1
and VOI-B2 values in BS with respect to both FU (VOI-A
»<0.001, VOI-B1 p<0.001, VOI-B2 p=0.002) and CTR
(VOI-A p=0.008, VOI-B1 p=0.013, VOI-B2 p=0.044).
The absence of a significant difference between VOI val-
ues of patients at FU and those of the CTR group supported
a trend toward metabolic normalization after treatment
(Fig. 3, Supplementary Table 3s).

The whole-brain-scaled metabolic count density val-
ues of the distinct VOIs also significantly differed in AE
patients grouped according to dichotomized clinical out-
comes (Fig. 3, Supplementary Table 3s). Patients with CASE
BS>3 and CASE FU>2 had lower VOI-B2 BS (p=0.031)
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Coronal section
|

Sagittal section (right side)

In the lower part, 3D rendering of the same areas (i.e., red for hyper-
tabolism and green for hypometabolism) in the MNI reference atlas
(using MRIcroGL software, https://www.nitrc.org/projects/mricrogl).
Abbreviations: VOI — volume of interest; BS — baseline; CTR — con-
trol group; R —right; L - left

and VOI-B1 BS (p=0.031), respectively, than those patients
with CASE BS<3 and CASE FU<2. Those withmRS BS>2
exhibited higher VOI-A FU (p=0.018) alongside lower
VOI-B1 FU (p=0.035) and VOI-B2 FU (p=0.026) values
than those patients with mRS BS<2. Similarly, patients with
mRS FU>2 had lower VOI-B1 FU (p=0.021) and VOI-B2
FU (»p=0.009) values than those patients with mRS FU<2.
Notably, patients who relapsed clinically had lower VOI-B1
BS (p=0.020). No significant differences were found in VOI
values according to the CASE BS score or line of treatment.

In the correlation analysis, CASE FU was negatively
correlated to VOI-B1 BS (r=—0.53, p=0.014), while mRS
BS scores were negatively correlated with VOI-B1 FU and
VOI-B2 FU (=—0.50, p=0.021 and r=—-0.44, p=0.043,
respectively). Noteworthy, no correlations were found in
terms of the VOI values according to the CASE BS score
neither to the mRS FU scores. All results of the correlation
analysis coherently reflected the VOI comparisons based on
dichotomized clinical variables, except for the CASE BS
and mRS FU where we observed only a trend toward statis-
tical significance (Supplementary Table 4s).


https://www.nitrc.org/projects/mricrogl

European Journal of Nuclear Medicine and Molecular Imaging

Table 2 Regions with significant metabolic differences between BS and FU (F-contrast)

Brain areas involved in VOI-A

Cluster p (FEW-corr)  Cluster extension (number of voxel)  Cluster p (unc)  Cluster peaks coordinates Cortical region BA
Xyz

0.037 756 0.003 4.71 3.15 =7.96 R anterior cingulate 25
4.59 2.28 0.97 R caudate head -
2.81 4.67 —4.24 R anterior cingulate 25
-6.54 2.16 2.57 L caudate head -
6.3 —6.05 9.22 R thalamus -
-293 7.7 7.1 L thalamus -
25.02  13.72 -9.21 R amygdala -
-2,99  -9,91 10,49 L thalamus -
12.13  -5.86 —12.29 R parahippocampal G 34

Brain areas involved in VOI-B

0.004 1160 0.003 11.37  —59.0 31.31 R precuneus 7
45.0 =53.18 9.01 R superior temporal G~ 39
39.12  —-62.87 31.4l R middle temporal G 39
4474  —56.96 28.46 R superior temporal G~ 39
13.25 -64.25 27.24 R precuneus 31
9.41 —-65.28 37.89 R precuneus 7
44.64 —50.38 38.1 R inferior parietal Lo 40
52.12  —46.17 33.22 R supramarginal G 40
2793 -70.79 35.88 R precuneus 19
3175 5893 29.86 R middle temporal G 39
33.62 -71.64 25.08 R superior occipital G 19
4122  —66.56 11.28 R middle occipital G 19

Peak coordinates and cortical regions in each cluster are ordered downward from the highest Z-score peak. BS baseline; FU follow up; B4 Brod-

mann area; R right; L left; G gyrus; Lo lobule

In the GLM analysis of prediction using BS variables,
the best model to predict the CASE FU included mRS
BS, VOI-A BS, and VOI-B1 BS. Notably, VOI-B1 BS
was the most significant predictor in the model (p=0.026,
AIC=178.9, BIC=84.3, R>=0.38). Regarding the long-term
disability, the best model to predict mRS FU considered
three variables (CASE BS, VOI-A BS, mRS BS), showing
that mRS BS was the only predictor (p=0.049, AIC=79.3,
BIC=84.8, R=0.208).

In the BLM analysis of prediction using BS variables,
the best model to predict relapse occurrence included two
BS variables (VOI-B1 BS, and VOI-B2 BS), with VOI-B1
BS being again the best predictor (p=0.032, AIC=27.6,
BIC=30.8, R>=0.275). As for the need for escalation ther-
apy, the best BLM model included two variables at BS
(age, sex), with age being a significant predictor (p=0.020,
AIC=22.9, BIC=26.2, R?=0.45). The results of regression
models are detailed in Supplementary Table 5s.

VOIBI BS emerged from the linear models as the stron-
gest predictor of both relapse and clinically significant
CASE scores at followup. ROC analysis (displayed in Sup-
plementary Fig. 1s) yielded AUCs of 0.75 for relapse and
0.77 for CASE>2, reflecting good discriminative power. By
selecting the VOIB1 BS cutoff that maximized the positive
likelihood ratio, we identified a single threshold of 0.652

(wholebrainscaled count density), which provided balanced
sensitivity (0.56 for relapse; 0.45 for CASE>2) and speci-
ficity (0.92 and 0.91, respectively).

Discussion

In this study, we investigated the prognostic value of brain
metabolism by analysing its longitudinal changes during the
acute phase and following immunomodulatory therapy in a
heterogeneous group of patients with autoimmune encepha-
litis (AE).

Using a voxel-based approach with paired ['*F]FDG
PET scans obtained at BS and FU timepoints, we observed
specific longitudinal regional changes. Certain regions
exhibited relative hypermetabolism while others were hypo-
metabolic at BS, under the assumption of normalization after
therapy - which was confirmed by the similarity between the
metabolic values of these regions at FU and those extracted
from the CTR. This normalization corresponded to clinical
improvements, as verified by both CASE and mRS scores
at FU. Precisely, we identified areas of relative hyperme-
tabolism in the caudate-thalamus-parahippocampal region,
right amygdala and anterior cingulate cortex (i.e., VOI-A),
alongside regions of relative hypometabolism in the right
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Table 3 Relative hypermetabolic (VOI-A) and hypometabolic (VOI-B) regions in BS compared to FU

Relative hypermetabolic areas at BS (VOI-A)

Cluster p (FEW-corr)  Cluster extension (number of voxel)  Cluster p (unc)  Cluster peaks coordinates Cortical region BA
Xyz

0.016 854 0.003 4.71 3.15 =7.96 R anterior cingulate 25
4.59 2.28 0.97 R caudate head -
2.81 4.67 —4.24 R anterior cingulate 25
-6.54 2.16 2.57 L caudate head -
6.3 —6.05 9.22 R thalamus -
293 =77 7.1 L thalamus -
25.02 13.72 -9.21 R amygdala -
-2,99 -991 10,49 L thalamus -
12.13  -5.86 —12.29 R parahippocampal G 34

Relative hypometabolic areas at BS (VOI-B1)

0.019 817 0.003 51.02 -26.03 -18.95 Rinferior temporal G 20
5458 2523 8.0 R middle temporal G 21
43.6 -31.58 -19.6 R fusiform G 20
4345 —-54.64 -14.58 R fusiform G 37
48.99 —4197 -9.68 R fusiform G 37
4536  —-39.57 -14.92 R fusiform G 37
5095 —44.84 -1893 R fusiform G 37
5469 3723 -1995 R fusiform G 20

Relative hypometabolic areas at BS (VOI-B2)

0 1701 0.003 11.37 =59.0 31.31 R precuneus 7
45.0 -53.18 9.01 R superior temporal G~ 39
39.12  —62.87 31.4l R middle temporal G 39
4474  —56.96 28.46 R superior temporal G~ 39
13.25 6425 27.24 R precuneus 31
9.41 —-65.28 37.89 R precuneus 7
44.64 —50.38 38.1 R inferior parietal Lo 40
52.12  —46.17 33.22 R supramarginal G 40
2793 -70.79 35.88 R precuneus 19
31.75 5893  29.86 R middle temporal G 39
33.62 —71.64 25.08 R superior occipital G~ 19
4122 -66.56 11.28 R middle occipital G 19

Significant brain areas resulting from comparison of brain metabolism between BS and FU clusters (T-test), considering a priori FU as nor-
malizing the picture. Relative hypermetabolism in VOI-A; relative hypometabolism in VOI-B (both Bl and B2). Peak coordinates and cortical
regions in each cluster are ordered downward from the highest Z-score peak. BS baseline; FU follow up; B4 Brodmann area; R right; L left;

G gyrus; Lo lobule

temporo-parietal cortex and precuneus (i.e., VOI-B1 and
B2). This pattern of metabolic changes defines a distinctive
acute-phase profile, which gradually resolves with treat-
ment, highlighting the dynamic nature of metabolic altera-
tions. Interestingly, larger metabolic alterations— either in
the hypo- or hypermetabolic direction — emerged in BS
compared to CTR. Precisely, many cortical areas — includ-
ing prominently frontal-temporal and precuneus/posterior
cingulate regions — were relatively hypometabolic, consis-
tently with widespread hypometabolism patterns described
in AE [19]. Conversely, the right hippocampus and cer-
ebellum were relatively hypermetabolic. Albeit cerebellar
hypermetabolism is described in AE [38, 39], this signal is
probably an artifact caused by the whole-brain proportional
scaling. When diffuse cortical hypometabolism lowers

@ Springer

the global mean, spared areas—Ilike the cerebellum— can
appear hypermetabolic even when absolute metabolism is
unchanged. This persisted despite our preventive attempts
to curb the normalization and scaling bias. Visual review
confirmed that no genuine cerebellar hypermetabolism was
present in our AE cohort.

Our findings highlight the added role of longitudinal ['3F]
FDG PET scan assessment to specifically uncover those
critical brain regions where metabolism shifts dynamically
over the disease course and parallel recovery—regions that
do not necessarily coincide with all those found abnormal
at BS relative to normalcy. The hypermetabolic VOI-A
lies within the limbic system - including the hippocam-
pus, amygdala, and cingulate cortex - a network uniquely
prone to autoimmune inflammation. Neurons within limbic
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Fig. 2 The two-dimensional representation (axial, coronal and sagittal
cuts) and three-dimensional rendering show VOI-A in red, VOI-B1 in
green and VOI-B2 in light blue superimposed on the MNI reference
atlas (using MRIcroGL software, https://www.nitrc.org/projects/mricr

structures express higher neuronal synaptic activity and
metabolic demands alongside elevated levels of antigens
such as NMDA, GABA, LGI1, and CASPR2 receptors,
which are frequent targets of AE-associated autoantibodies
[40]. Exposure to autoantibodies shifts the excitation-inhi-
bition balance of synaptic inputs towards hyperexcitation
[41]. Moreover, the regional blood-brain barrier exhibits
increased permeability, facilitating the infiltration of circu-
lating autoantibodies and immune cells, while a dense array
of cytokine/chemokine receptors further amplifies local
inflammatory signaling [42]. These processes drive clinical
manifestations of AE, such as memory impairment, mood
and motor disturbances, and seizures, and are reflected in

ogl). In the 3D rendering, mid-line sagittal and coronal cuts were used
to enhance the visualization of the VOIs. Abbreviations: VOI - volume
of interest; L — left; R — right; P — posterior; S — superior; A — anterior

['®F]FDG PET as relative hypermetabolism due to height-
ened glucose demand and consumption [5, 19].

In AE, hypometabolism results from autoantibody inter-
actions with target receptors, causing inhibition, internal-
ization, or ion channel blockade. These mechanisms reduce
receptor density, impair function, lower neuronal activity, and
disrupt neural connectivity [18, 19]. Consequently, cortical
hypometabolism likely reflects functional impairments prop-
agated through cortical and subcortical networks. Focusing
on the areas of relative hypometabolism in the longitudinal
assessment, VOI-B1 includes the right fusiform, middle and
inferior temporal gyri, while VOI-B2 involves the precu-
neus, supramarginal, superior and middle temporo-occipital
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{ Fig. 3 On the left, VOI-based analyses and post-hoc analysys in the
group comparisons (BS, FU, CTR). The absence of a significant dif-
ference between VOI values of patients at FU and those of the CTR
group supported a trend toward metabolic normalization after treat-
ment. On the right, distinct VOIs significantly differed in AE patients
grouped according to dichotomized clinical outcomes. Abbreviations:
VOI - volume of interest; BS — baseline; FU — follow-up; CTR — con-
trol group

gyri, and inferior parietal lobule in the right hemisphere.
These regions are closely interconnected forming part of
complex cortico-subcortical (e.g., the limbic system) and
cortico-cortical circuits, and are critically involved in a range
of cognitive and behavioural functions. Specifically, the fusi-
form gyrus relates to the hippocampus, inferior and superior
temporal gyrus, occipital regions, supramarginal gyrus, and
the default mode network (DMN) [43]. Functionally, it is
involved in emotion perception, facial recognition, language
processing, and semantic cognition [44, 45]. Similarly, the
middle temporal gyrus is implicated in lexical comprehen-
sion and semantic cognition [46, 47] and belongs to the ven-
tral visual stream [48]. The precuneus is a key node of the
DMN that is primarily active during cognitive leisure and
self-monitoring processes [49, 50]. Alterations in the DMN
have been described in temporal lobe epilepsy, mood dis-
orders, and Alzheimer’s disease [51-54]. The action of the
DMN is opposed to that of the frontoparietal network (FPN),
which peaks during task involvement and cognitive effort.
The dynamic “switch” between these two networks depends
on the activity of the salient network (SN), whose core driver
is represented by the right amygdala [55]. Structural and
functional hemispheric asymmetries, driven by connectivity
differences from lateralization and pathology-related reorga-
nization, are well-documented in the literature [56—58]. Our
finding of prominent involvement of the right hemisphere
are in line with previous studies that emphasize the impor-
tance of these regions in cognitive and psychiatric symptoms
[44, 53, 59, 60].

This network disruption accounts for behavioural and
cognitive - especially executive and attentional - deficits
observed in AE [61, 62]. In anti-LGI1-AE, inflammation
and damage in the MTL, hippocampus and amygdala dis-
rupt functional connectivity within large-scale networks
— including DMN, FPN, and SN — and cause typical cogni-
tive and neuropsychiatric disorders [63]. Similarly, in anti-
NMDAR-AE hippocampal decoupling from the DMN and
abnormal brain glucose metabolism - characterized by a
frontal-to-occipital gradient - mirror functional connectiv-
ity alterations, such as those in the sensorimotor visual and
ventral attention networks [63, 64].

The coexistence of relative hyper- and hypometabolism
in AE is consistent with prior evidence [18, 20, 25, 26, 63,
65]. This dual metabolic signature underscores AE hetero-
geneity, where foci of neuroinflammation or excitotoxicity

concur with areas of decreased activity from synaptic fail-
ure. Antibody class modulates the balance and influences
the predominant metabolic pattern, with a shift either
towards hyper- or hypometabolism relative to normal lev-
els. Regional, mainly limbic, hypermetabolism predomi-
nates with intracellular onconeural antibodies driven by
T-cell-mediated inflammation, whereas hypometabolism is
typical of subtypes with neuronal-surface antigen antibodies
(NSADb), that mainly disrupt synaptic function [18, 19]. Our
cohort included NSAb-positive, intracellular-antibody, and
seronegative cases, revealing a shared longitudinal meta-
bolic trajectory among these subtypes from acute to post-
treatment phases regardless of antibody profile.

Metabolic count densities were extracted from VOIs at
BS and FU timepoints to explore associations with clini-
cal severity and disability (CASE and mRS scores), relapse
occurrence, and the need for escalation to second-line ther-
apy — key factors in patient management. In the acute BS
phase, patients with higher relative hypometabolism within
VOI-B1, covering mostly encompassing temporal regions -
were more prone to relapse and greater FU clinical severity
(i.e. CASE score>2). This suggests that metabolic dysfunc-
tion in these temporal areas, part of the DMN, predisposes
patients to lasting neuronal and functional damage. This
is a novel finding and emphasizes the prognostic value of
hypometabolism. Notably, the median FU CASE fell in the
mild range [10]., yet metabolic abnormalities still mirrored
meaningful impairment, underscoring the sensitivity of [\5F]
FDG-PET beyond the limits of clinical presentation. In our
cohort, a baseline VOIB1 BS wholebrainscaled metabolic
count density cutoff of 0.652—corresponding to VOIBI
uptake below 65.2% of mean wholebrain activityidentified
patients at highest risk of both relapse and elevated followup
CASE scores. By selecting this value to maximize specific-
ity, we minimize false positives and ensure that individu-
als flagged as high risk truly warrant intensified monitoring
or early intervention. If validated against normative data in
larger, heterogeneous AE cohorts, this threshold could be
directly translated into clinical practice to guide personal-
ized patient management.

No BS VOI metric predicted poor long-term function
(mRS>2). Divergence from prior reports likely stems from
analytical differences in ['®F]FDG PET imaging analysis
and patient cohort. Liu et al. [25] employed a visual SUV
grading by manual drawing the region of interest (ROI) in
only seropositive AE patients, while the VBA approach of
Dai et al. [26] used smaller clusters (about 20 voxels) rais-
ing false-positive risk. Moreover, a visual grading might be
more likely to identify hypermetabolism, compared with
hypometabolism. whereas our voxelbased analysis specifi-
cally highlighted regions of relative hypometabolism in a
mixed cohort of seropositive and seronegative patients.
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Escalation to second-line therapy was predicted solely by
lower age in regression model with BS variables. Younger
patients, more often harboring anti-NMDAR-AE and facing
higher severity and relapse risk, tended to receive aggres-
sive escalation. Thus, age—together with fewer comor-
bidities—guided clinicians in our cohort more than baseline
metabolic patterns or CASE scores, while also accounting
for comorbidities which may limit treatment escalation in
older patients [66, 67].

The originality of this work lies in linking the VOI meta-
bolic values at FU in relation to clinical outcomes. Patients
with greater functional disability in the acute phase (i.e.,
mRS BS>2) exhibited persistent relative hypermetabolism
in VOI-A and hypometabolism in VOI-B1 and VOI-B2 at
FU in the comparison and correlation analyses. Persistently
reduced metabolism in VOI-B1 and B2 at FU was associ-
ated with poorer long-term outcome (i.e. mRS FU>2).
The affected regions, i.e., precuneus and right temporo-
parietal-occipital cortices, is consistent with multidimen-
sional cognitive deficits and psychiatric symptoms, as well
as accumulating disability [68, 69]. Thus, temporo-parietal
dysmetabolism not only predicts relapses and acute severity
but also mirrors a continuing pathological process that may
prompt more aggressive interventions. This highlights ['*F]
FDG PET as a biological tracker of disease activity through-
out AE.

A strength of this study is the longitudinal design. Each
patient served as their own reference, enabling rigorous,
VOI-based quantification of hyper- and hypometabolic
shifts in a heterogeneous seropositive/seronegative cohort.
Future studies in larger, more diverse cohorts could provide
a more detailed and nuanced understanding of the specific
role of each antibody subtype in these dynamic metabolic
changes. Indeed, limitations include the small sample,
which is inevitable in a rare disease, although it is similar
to that of previous studies on this topic. Specifically, Dai et
al. described 30 patients with probable/definite AE and Liu
et al. reported 24 AE patients out of 32 evaluated by ['*F]
FDG PET [25, 26]. The absence of formal neuropsychologi-
cal batteries for AE [70, 71] represents another limitation,
largely due to the challenge of evaluating cognition in the
acute phase—when altered consciousness and impaired sus-
tained attention are common. However, because longterm
clinical deficits are often driven by cognitive and behav-
ioural disturbances, future investigations should incorporate
comprehensive, prospective neuropsychological assess-
ments to elucidate correlations with distinct hypometabolic
patterns. We also lacked serial EEG, precluding assessment
of aberrant electrical activity contribution to hypermetabo-
lism [72, 73]. Finally, preliminary findings indicating tight
coupling between ['*F]JFDG PET metabolism and perfusion

@ Springer

encourage replication with MRI techniques, which avoid
radiation and are more widely available [74].

In conclusion, this study underscores the value of assess-
ing ['F]FDG PET in both the acute phase and post-treat-
ment follow-up of AE patients. Acute metabolic alterations,
particularly temporal and parietal hypometabolism, reliably
signals relapse risk and greater clinical severity. Within this
context, accurate ['*F]JFDG PET interpretation is paramount.
Qualitative readings—especially by non-experts —may be
skewed by reference scales that exalt acute hypermetabo-
lism while overlooking hypometabolic changes. Semi-quan-
titative tools - now standard in major centers and widely
adopted in neurodegenerative disorders [75, 76], provide
an objective voxel-wise reference ensuring hypometabolic
changes are captured and management decisions are better
informed. Future prospective studies should include evalu-
ation of a larger population, encompassing all AE subtypes,
to validate these findings and combine longitudinal['®F]
FDG PET with comprehensive neuropsychological testing
to clarify how specific metabolic patterns relate to cognitive
outcomes and to refine personalised patient care.
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