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A B S T R A C T   

Neurological disorders associated with anti-glutamic acid decarboxylase (GAD) autoimmunity are rare and 
include a variety of neurological syndromes: stiff-person syndrome, cerebellar ataxia or limbic encephalitis. The 
diagnosis remains challenging due to the variety of symptoms and normal brain imaging. 

The morphological MRI of 26 patients (T1-weighted and Fluid-attenuated inversion recovery (FLAIR)- 
weighted images) was analyzed at the initial stage of diagnosis, matched by age and sex to 26 healthy subjects. 
We performed a vertex-wise analysis using a generalized linear model, adjusting by age, to compare the brain 
cortical thickness of both populations. In addition, we used a voxel-based morphometry of cerebellum thickness 
obtained by CEREbellum Segmentation (CERES), as well as the hippocampus volumetry comparison using 
HIPpocampus subfield Segmentation (HIPS). Finally, we extracted 62 radiomics features using LifeX to assess the 
classification performance using a random forest model to identify an anti-GAD related MRI. 

The results suggest a peculiar profile of atrophy in patients with anti-GAD, with a significant atrophy in the 
temporal and frontal lobes (adjusted p-value < 0.05), and a focal cerebellar atrophy of the V-lobule, indepen
dently of the anti-GAD phenotype. Finally, the MRIs from anti-GAD patients were correctly classified when 
compared to the control group, with an area under the curve (AUC) of 0.98. 

This study suggests a particular pattern of cortical atrophy throughout all anti-GAD phenotypes. These results 
reinforce the notion that the different neurological anti-GAD phenotypes should be considered as a continuum 
due to their similar cortical thickness profiles.   

1. Introduction 

The field of autoimmune pathologies in the central nervous system 
has particularly developed in the last decades with the discovery of 
several antineuronal antibodies (Ab), associated with specific neuro
logical phenotypes (Graus et al., 2010). 

Glutamic acid decarboxylase (GAD) is an intracellular enzyme whose 
physiological role is the decarboxylation of glutamate into gamma- 
aminobutyric acid (GABA), mostly expressed in neuronal cells and in 
insulin-secreting β pancreatic cells (Vincent et al., 1983; Solimena and 
De Camilli, 1991). 

Anti-GAD autoimmunity, leading to the destruction of these β cells of 

the pancreas, is known to be one of the causes of type 1 diabetes 
(Paschou et al., 2018). Disorders of the central nervous system is much 
rarer. They can be related to the alteration of the GABAergic trans
mission but their exact pathophysiology remains still not well elucidated 
(Tian et al., 1999; Jin et al., 2003; Koerner et al., 2004; Hansen et al., 
2013). Anti-GAD autoimmunity is responsible for various neurological 
presentations, such stiff person syndrome (SPS), cerebellar ataxia (CAt), 
limbic encephalitis (LE) or temporal lobe epilepsy (TLE) (Saiz et al., 
2008; McKeon and Tracy, 2017), and is rarely associated with cancers 
(Graus et al., 2020). 

Conventional imaging contribution to the diagnosis is often limited 
(Meinck and Thompson, 2002). In the acute phase, Fluid-attenuated 
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inversion recovery (FLAIR)-weighted hyperintensities of hippocampal 
structures can be present in some cases of limbic encephalitis (Malter 
et al., 2010); at long term, hippocampal atrophy, cerebellar or more 
global atrophy have been described (Hadjivassiliou et al., 2017; Fre
driksen et al., 2018; Ernst et al., 2019; Mitoma et al., 2018). Rare studies 
with volumetric analysis of limbic structures have been performed but 
only in a population of autoimmunity against GAD with limbic en
cephalitis (Hadjivassiliou et al., 2017; Fredriksen et al., 2018; Ernst 
et al., 2019; Mitoma et al., 2018). However, these studies were con
ducted by combining antibodies other than anti-GAD (Hadjivassiliou 
et al., 2017; Fredriksen et al., 2018; Ernst et al., 2019; Mitoma et al., 
2018), and the role of each particular antibody in volumetry is not well 
understood. 

2. Objectives 

The objective of this study is to perform quantitative volumetric 
brain MRI in patients harboring anti-GAD related neurological syn
dromes. The aim is to highlight possible radiological particularities in 
our patients compared to a matched healthy cohort, as well as the po
tential differences in the radiological profile between each clinical 
phenotype. 

3. Materials and methods 

3.1. Recruitment and processing 

We collected clinical and radiological data retrospectively from pa
tients with neurological disorders associated with anti-GAD antibodies 
at the Pitié Salpétrière Hospital in Paris between 2007 and March 2020. 
The inclusion criteria were: (1) positive anti-GAD antibodies in the 
blood and/or cerebrospinal fluid (CSF) (2), a clinical presentation 
compatible with a neurological syndrome associated with anti-GAD 
antibodies (SPS, CAt or LE) and (3), at least one brain MRI available. 
Among the 46 patients with positive anti-GAD antibodies identified at 
the Pitié Salpêtrière laboratory, 20 patients did not have brain MRI 
available, and were excluded. Finally, 26 patients were included in this 
study. 

3.2. Data availability 

Anonymized data that are not published in this article will be 
available on request from any qualified investigator. 

3.3. Selection of control data 

For control subjects, we used healthy subjects MRI (without neuro
logical diseases) from two public databases, IXI with 15 patients (Serag 
et al., 2012) (https://brain-development.org/ixi-dataset/) and Open 
Access Series of Imaging Studies with 11 patients, OASIS (LaMontagne 
et al., 2019) (https://www.oasis-brains.org/#datam), matched by sex 
and age. 

3.4. Antibodies testing 

Immunological analyses for the diagnosis of anti-GAD antibodies in 
the blood or CSF were carried out in the laboratory of the Pitié-Sal
pétrière hospital by an indirect immunohistochemistry method, as pre
viously described (Pittock et al., 2006). Additional immunoblot analyses 
were performed to confirm all the immunohistochemistry results. 
Finally, all the positive results were independently externally validated 
by the laboratory of Professor Honnorat in Lyon using the same 
techniques. 

3.5. Immunomodulatory treatments 

The patients were treated with immunotherapy during their medical 
care according to expert advice and the recommendations of the scien
tific societies. Patients could receive intravenous corticosteroids, IV 
immunoglobulins or plasma exchanges. As second-line treatment, 
immunosuppressive treatments such as azathioprine, rituximab, cyclo
phosphamide or mycophenolate mofetil were used. 

3.6. Images acquisition 

The majority of images were acquired on a 3Tesla MRI (20 out of 26), 
the remainder on 1.5 T MRI machines (PREMIER, General Electric 
Healthcare). The median image acquisition criteria were: Repetition 
Time = 9.6, Echo Time = 4.6, Number of Phase Encoding Steps = 208, 
Echo Train Length = 208, Reconstruction Diameter = 240, Acquisition 
Matrix = 208 × 208, Flip Angle = 8.0 with sequence voxels size 1 × 1 
mm and slice thickness 1 mm for T1-weighted and voxel size of 1 × 1 
mm and slice thickness 2 mm for T2 FLAIR-weighted images. 

3.7. Images analysis 

The T1 and T2 FLAIR-weighted images were used for the analyses. 
These sequence imaging from patients and controls were transformed 
into Neuroimaging Informatics Technology Initiative (NIfTI) format and 
then subjected to image normalization by N4 Bias Field Correction, to 
correct errors associated with the non-homogeneity due to the magnetic 
field, using the n4BiasFieldCorrect function of the package Advanced 
Normalization Tools in R (ANTsR) (v.0.5.6.1) (Tustison et al., 2010). 
Afterwards, we used the WhiteStripe R package (v.2.3.2) to normalize 
the intensities of MRI (on both T1 and T2 FLAIR-weighted images) 
across the different individuals in this study (Shinohara et al., 2014). 
Finally, the brain MRIs (T1 and T2 FLAIR-weighted images) from this 
cohort were co-registered to a reference MRI (Montreal Neurological 
Institute, MNI152) using an Affine with deformable transformation 
using the symetric normalization (SyN) (antsRegistration of the ANTsR 
package). 

The automated volumetric analyses for the brain were carried out 
from the NIfTI T1 files, via the following softwares: Volbrain 1.0, which 
allows to obtain an automatic volumetric segmentation of the brain 
(Manjón and Coupé, 2016), CEREbellum Segmentation (CERES) 1.0, 
which obtains a volumetric segmentation of the different lobules of the 
cerebellum (Romero et al., 2017a) and the software HIPpocampus 
subfield Segmentation 1.0 (HIPS), with T1 and T2-weighted sequences 
(Romero et al., 2017b). 

Cortical thickness analysis was performed using FreeSurfer software 
using the recon-all function, version 7.1 for our cohort patients and 
controls (Fischl, 2012). This analysis includes a tessellation that leads to 
a 3D mesh of the cortical surface formed by thousands of vertices per 
hemisphere (~160.000 in total) and we used the fsaverage template. 
FreeSurfer was used to produce vertex-wise maps (Fischl and Dale, 2000). 
The cortical surfaces of each subject were calibrated to a template and 
smoothed using a full-width-at-half maximum (FWHM) of 10 mm. We 
used a linear model for each vertex i to compare cortical thickness be
tween groups (anti-GAD and healthy subjects), using age as a continuous 
covariate, and including residual error : yi = β0 + β1Group + β3Age +
εi. We used a cluster-level analysis with a cluster formation threshold p 
= 0.01. We represented clusters with cluster-wise p-value (cwp) of cwp 
< 0.05. These p-values were corrected for multiple comparisons using 
the mri_glmfit-sim precomputed MonteCarlo simulation. 

Several post-processing steps were followed to limit the bias of 
multiple acquisition sites. We used the Combat technique to harmonize 
the data from our acquisition centers, on both T1 and T2 FLAIR- 
weighted images. This method adjusts the mean value and variance of 
measurements of characteristics between sites (Fortin et al., 2018). 

The radiomic features (n = 62) were obtained with LifeX using the 

M. Dade et al.                                                                                                                                                                                                                                   

https://brain-development.org/ixi-dataset/
https://www.oasis-brains.org/%23datam


NeuroImage: Clinical 32 (2021) 102826

3

whole brain of sequences T1 and T2 FLAIR-weighted of our subjects 
(Nioche et al., 2018). The extracted radiomic features include infor
mation regarding the intensity distribution, spatial relationships be
tween different intensity levels, texture heterogeneity patterns, 
description of the shape and relationships of the lesion with surrounding 
tissue. The description of the radiomic variables obtained from LifeX is 
detailed at https://lifexsoft.org/index.php/resources/19-texture/ 
radiomic-features?filter_tag[0]=

4. Statistics 

The volumetric analyses (in particular cerebellum and hippocam
pus), from results obtained by CERES, FreeSurfer and HIPS, were 
compared to the control cohort with boxplots. The comparisons between 
the two groups of the different volumetric features were made using a 
non-parametric Wilcoxon test. The cortical thickness of the cerebellum 
was obtained by creating an R-function that averages all the thicknesses 
in each group of individuals combining the thickness data from CERES. 
We used the same aforementioned model with FreeSurfer for the vertex- 
wise analysis with CERES data. 

The p-values were adjusted for multiple comparisons, using the false 
discovery rate (FDR) and values inferior than 0.05 were considered as 
statistically significant [40]. The t-value obtained by the regressions 
models provided a way to summarize the direction of association (pos
itive or negative) by using the p-value thresholds described previously. 
We used the fsbrain (v.0.3.0) and ggseg (v.1.5.4) packages in R to 
represent the results. 

The radiomic variables were normalized with a z-score, which ex
presses the deviation from the mean value. Using R software (v4.0.2) 
and ComplexHeatmap package (v.2.4.2), we produced a heatmap with 
an unsupervised hierarchical clustering of radiomic features (T1- 
weighted and T2 FLAIR-weighted), using Ward clustering and Euclidean 
distance. The optimal number of clusters was assessed using different 
approaches: K-means, Partitioning around medioids (PAM), clara and 
fanny R functions. We performed a random forest model using the caret 
package (v.6.0–86) with the radiomic data of patients and controls with 
default parameters without any feature selection. The model was first 
trained with 80% of the sample (n = 42), using 10 cross-validations. The 
model was validated with the remaining 20% of the data. The capacity 
to classify either anti-GAD or healthy subjects was assessed with area 
under the curve (AUC) statistic. 

5. Results 

5.1. Clinical description 

The anti-GAD cohort antibodies included 26 patients, 77% of whom 
were women, with a median age at diagnosis of 39 years. Age at diag
nosis varied depending on the clinical presentation: patients with LE 
were younger, with a median age of 34 years, compared with a median 
of 50 years in patients with SPS and a median of 52 years in patients with 
CAt phenotype. The main clinical characteristics are presented in 
Table 1. 

The period between the onset of the first symptoms and the 
achievement of the first brain MRI was highly variable within the 
cohort, with a median of two years (interquartile range between 3 
months and 5 years). Ten patients had a brain MRI within 12 months of 
the first symptoms; most of them were patients with limbic encephalitis. 

Six patients had a SPS presentation, but only two were isolated, the 
other ones were associated with other clinical phenotypes. Ten patients 
had a cerebellar syndrome (40% of them were mixed or associated with 
other symptoms) and ten patients had an initial presentation of LE (10% 
of them were mixed), complicated for most cases of drug-resistant TLE. 

Overall, 6 patients presented a mixed clinical presentation of 
neurological syndromes associated with anti-GAD (LE/CAt/SPS). 
Furthermore, among the 16 patients (61.5%) with epileptic seizures in 

our cohort, 50% had drug-resistant epilepsy. 
Preliminary radiological description was normal in 10 patients 

(38.5%) of MRIs of our patients, in 10 additional patients (38.5%) MRIs 
showed hippocampal abnormalities (FLAIR-weighted hyperintensities 
or atrophy, unilaterally or bilaterally) and cerebellar atrophy was found 
in 3 patients (11.5%). 

5.2. Hippocampal volumetric analysis 

The HIPS approach allowed us to obtain the hippocampus subfield 
(including, the cornus ammonis (CA)1, CA2/CA3, CA4/dentate gyrus, 
the stratum radiatum/stratum lacunosum/stratum moleculare, the 
subiculum and the overall hippocampus volume) using standard 
morphological MRI (Romero et al., 2017b). These volumetric pairwise 
comparisons of hippocampus structures by subfield from anti-GAD pa
tients versus healthy subject did not pinpoint any significant difference 
between the whole cohort of anti-GAD patients or when using only a 
subset of the cohort with LE phenotype versus the control group after 
adjusting for multiple test comparison (Supplemental Data – Fig. 1). It 
should be noted that there was a non-significant atrophy of the total 
hippocampus volume when comparing anti-GAD patients versus control 
subjects (median volume of 4.3 mm3 vs 5 mm3, respectively, FDR p- 
value = 0.1). 

5.3. Cerebellar volumetric and vertex-wise analysis 

Overall, cerebellar vertex-wise analysis showed similar values in 
anti-GAD patients versus healthy individuals (Fig. 1 A-D). However, 
some particular cerebellar regions were significantly atrophied in anti- 
GAD patients (highlighted in blue). We found a significant focal atro
phy of the cerebellar cortex, in particular of the left and right V-lobules 
(Fig. 1D and Supplemental Data – Fig. 2). Conversely, surprisingly, 
several cerebellar regions were thicker, in anti-GAD when compared to 
healthy subjects, including the mean thickness of II lobule and left VIIB 
lobule. The complete list of normalized pairwise comparison of the 
different cerebellar lobules between anti-GAD patients versus healthy 
subjects is presented in the Supplemental Data – Fig. 2. 

5.4. Unsupervised hierarchical clustering of the radiomic data 

Radiomics features included first-order statistics (i.e. mean, median, 
kurtosis, standard deviation, etc), shape and histogram derived values 

Table 1 
Clinical and demographic data from anti-GAD patients included in this study.  

Clinical and demographic data from anti-GAD patients (n = 26) 
Variable name Value 

Age at diagnosis (years): median [Q1-Q3] 39 [30–52] 
Female (%) 20/26 

(76.9) 
Number of patients with GAD65 Ab positive in blood (%) 25/26 

(96.1) 
Number of patients with GAD65 Ab positive in CSF (%) 22/26 

(84.6) 
Time between the first symptom and the first MRI (years): median 

[Q1-Q3] 
2 [0.4–5] 

Autoimmune thyroiditis (%) 3/26 (11.6) 
Type 1 diabetes (%) 2/26 (7.7) 
Malignant tumor (%) 2/26 (7.7) 
SPS (%) 6/26 (23) 
Cerebellar ataxia (%) 10/26 

(38.5) 
Limbic encephalitis (%) 10/26 

(38.5) 
Temporal lobe epilepsy (%) 6/26 (23) 
Mixed presentation (%) 6/26 (23) 

Q, quartile; CSF, cerebrospinal fluid; GAD, glutamic acid decarboxylase; SPS, 
stiff-man syndrome. 

M. Dade et al.                                                                                                                                                                                                                                   

https://lifexsoft.org/index.php/resources/19-texture/radiomic-features?filter_tag
https://lifexsoft.org/index.php/resources/19-texture/radiomic-features?filter_tag


NeuroImage: Clinical 32 (2021) 102826

4

and texture features based on matrix computation of the quantization of 
gray-levels of the analyzed images. We represented the z-score from the 
62 radiomic features using an unsupervised hierarchical clustering (T1 
and FLAIR-weighted images). This analysis splitted the anti-GAD pa
tients into two different clusters (Fig. 2). Importantly, the optimal 
number of clusters using the radiomics features was two using different 
approaches (Supplemental Data – Fig. 3). Interestingly, the SPS pheno
type was only found in the cluster 2 (Fig. 2A). On the contrary, the 
cluster 1 was enriched with LE phenotype and it included mostly 
younger patients with a median age in cluster 1 of 22.5 years versus 41 
years in the cluster 2, p = 0.01 (Fig. 2A). In the same light, the cluster 1 
was enriched with higher values from first-order and shape features 
(Fig. 2A). 

5.5. Random forest classification 

We also analyzed the classification ability of the radiomic variables 
to identify the anti-GAD phenotype. After training a random forest 
model, we could robustly classify anti-GAD MRIs with an AUC = 0.978, 
(Fig. 2B) with a sensitivity of 100%, specificity of 80% and an accuracy 
of 90%. 

5.6. Cortical thickness and vertex-wise analysis 

The average cortical thickness from the results obtained by Free
Surfer in the anti-GAD and the healthy cohorts is presented in Fig. 3A 
and 3B, respectively. Vertex-wise regression results adjusted by age, 
highlighted a significant selective loss of the cortical thickness in the 
temporal lobe bilaterally (particularly in the temporal pole) and in the 

frontal lobe in superior, Fig. 4A. Conversely, we found a discrete in
crease in the thickness at the orbito-frontal lobe, after adjustment for 
multiple tests, FDR < 0.05, Fig. 4A. Interestingly, the same model after 
removing anti-GAD with LE, found the same regions but with larger 
boundaries due to smaller size, Fig. 4B. The cortical thickness data ob
tained with FreeSurfer was also represented by region or lobes to 
compare the values of anti-GAD cohort versus the control group, Sup
plemental Data – Fig. 4 and Supplemental Data – Fig. 5. There was a 
significant difference with a selective cortical atrophy in the entorhinal 
region and the temporal pole bilaterally, as well as in the left superior- 
frontal region and in the region of the right isthmus-cingulate, Fig. 4A 
and Supplemental Data – Fig. 4 and Supplemental Data – Fig. 5. 
Intriguingly, the cortical thickness was increased in the peri-calcarine 
region bilaterally and in the lingual left region, Fig. 4A and Supple
mental Data - Fig. 4 and Supplemental data – Fig. 5. 

6. Discussion 

We performed a volumetric and radiomic analysis of brain MRIs of 
patients with neurological syndromes associated with anti-GAD anti
bodies, compared to matched by age and sex healthy cohort. 

There is little detailed data on brain imagery of anti-GAD patients in 
the literature, showing often normal findings in the initial phase or some 
minor abnormalities (Meinck and Thompson, 2002; Ernst et al., 2019). 
The scarce available studies with volumetric analysis of limbic struc
tures that have concerned only anti-GAD patients with LE phenotype 
(Wagner et al., 2015; Ernst et al., 2019). These studies did not find a 
focal hippocampal atrophy but an increased volume of the CA1 region of 
the hippocampus for the first study and an increased volume of the 

Fig. 1. Representation of cerebellar cortical thickness of the anti-GAD cohort of all phenotypes (A), cerebellar ataxia phenotype only (B), and healthy subjects (C). 
Comparative analyses of using a voxel-wise approach comparing the cerebellar thickness of anti-GAD patients versus healthy subjects showing the significant atrophy 
regions in blue represent the t-statistic value with p < 0.05, adjusted for multiple comparisons (D). S, superior; I, inferior; A, anterior; P, posterior; R, right; L, left. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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amygdala for the other. Likewise, we did not find any significant dif
ference in the volumetric subfield data at hippocampal level, but a slight 
atrophy in the mean hippocampal volume (FDR p-value = 0.1), sug
gesting that we lacked power to detect these differences. 

The results of our study suggest that, regardless of the phenotype, 
there are abnormalities of cortical thickness in several regions of the 
brain, including a selective atrophy in the temporal lobe (entorhinal 
cortex, temporal pole) and frontal lobes. Interestingly, several studies 

Fig. 2. A) Heatmap of the 62 radiomic variables extracted from the T1 and T2 FLAIR-weighted imaging of the 26 patients with neurological syndromes associated 
with anti-GAD antibodies. The heatmap shows the values of the radiomic variables expressed in Z-scores, the left column details the different radiomic features. The 
age (depicted in red if age is below the median of 39-year or black if it is above this cut-off) and the anti-GAD phenotype are indicated in the legend. B) Receiver 
operating characteristic (ROC) curve for predictive value of radiomic variables to classify MRI as “anti-GAD” (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 3. The average cortical thickness obtained from FreeSurfer in all anti-GAD patients included in this study (A) and in the healthy subjects (B).  
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have highlighted the role of the entorhinal cortex in the electro-genesis 
of temporal lobe epilepsies (Parrent and Blume, 1999; Bernasconi et al., 
2001; Noulhiane et al., 2006). The entorhinal cortex is interconnected 
with many cortical and subcortical regions, but also with the hippo
campus within the mesial temporal region (Kerr et al., 2007). The en
torhinal cortex could therefore be an affected region, playing a key 
pathophysiological role in autoimmune anti-GAD involvement, espe
cially in LE phenotypes. Furthermore, regarding the increase in the 
cortical thickness of the orbito-frontal region, it is tempting to speculate 
that there would be a compensatory effect in this region, related with a 
recruitment of additional cortical regions, following a cerebral atrophy, 
particularly the temporal atrophy. Indeed, this compensatory mecha
nism of relocation of cognitive resources has already been demonstrated 
in patients with Alzheimer’s disease, with an overactivity of the pre
frontal cortex (Grady et al., 2003). There are strong associations be
tween the fronto-orbital cortex and the limbic and paralimbic regions (in 
particular the entorhinal cortex) (Stoodley et al., 2012) which could 
explain this phenomenon. Another hypothesis would be a specific 
encephalitic impairment of this region causing local inflammation and a 
local increase in volume. In the same light, we found a focal atrophy in 
the motor cerebellar V-lobule and a higher cortical thickness in several 
non-motor cerebellar areas (i.e. II and VIIB lobules). Our results also 
suggest that this atrophy is found across all phenotypes. The V-lobule is a 
motor lobule activated during motor tasks involving fingers movements. 
In addition, several connectivity studies have shown that the activity of 
the sensory-motor cortex is correlated with the activity of the cerebellar 
lobules V, VI and VIII (Buckner et al., 2011), with a somatic motor 
representation in the anterior lobe of the cerebellum (D’Mello et al., 
2015). This connectivity study also suggests connections of the anterior 
cerebellum with the associative cortex and the limbic system, high
lighting the crosstalk between these two networks (D’Mello et al., 2015). 
Interestingly, a variety of non-motor cerebellar lobules (i.e. lobule II and 
VIIB) had a higher cortical thickness. Similar results have been pin
pointed in patients with TLE (Marcián et al., 2018). Therefore, future 

functional MRI and connectivity studies should deepen the potential role 
of cerebellum in long-term cognition in these patients. 

Radiomics refers to the high-throughput extraction of large amounts 
of quantitative features of medical images (Lambin et al., 2012). This 
approach has been mainly used in cancer imaging but it could be 
implemented in other areas. The radiomic analysis using a random forest 
model allowed us to correctly classify the MRI from anti-GAD when 
compared to the MRI of the control group. These results should be 
interpreted with caution because of the small sample size, the whole 
brain extraction and the acquisition technique differences of our MRI. 
Indeed, we extracted the radiomic data from the whole brain, unlike the 
majority of studies which only extract the lesion area. It should be noted 
that the signal abnormalities in our patients were limited to a few 
hyperintensities of limbic structures in certain cases of limbic enceph
alitis or hyperintensities of white matter and not related to anti-GAD 
antibodies and in the vast majority of cases the MRI could be consid
ered as normal. Therefore, we decided to use the entire brain in order to 
have exhaustive data to compare the three phenotypes. Future studies 
should assess the performance to classify anti-GAD MRI when compared 
to other neurological diseases, with more standardized acquisition 
protocols between patients and controls. Another shortcoming of the 
radiomics features is related to their direct interpretation. It is difficult 
to interpret a particular radiomic feature individually. In our study, the 
cluster 1 of unsupervised hierarchical clustering from radiomics was 
enriched with first-order statistics features, suggesting that the MRIs of 
the patients belonging to this cluster were more homogenous. 

It is worth noting that our study has several limitations. It is a 
retrospective analysis of the clinical and radiological data of patients 
from a single institution. The neurological disorders associated with 
anti-GAD autoimmunity are rare, which explains the low number of 
patients included. In addition, the MRI of our patients (due to the 
retrospective nature and their limited number) were acquired according 
to heterogeneous protocols, on different machines (1.5 T, 3 T),. How
ever, we applied different pre-process and post-process steps to limit the 

Fig. 4. Comparative tests of the cortical thickness of patients compared to healthy subjects (a) all patients and (b) all patients except those with limbic encephalitis 
(FreeSurfer data). 
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impact of these potential drawbacks. 
This study provides a comprehensive radiological description of the 

autoimmune neurological pathology associated with anti-GAD anti
bodies, using advanced MRI analyses. The radiological peculiarities of 
the patients in our cohort, by identifying the precise structures affected, 
can provide a better understanding of the pathophysiology, which is still 
partially unknown. Moreover, if the specific anti-GAD nature of these 
radiological abnormalities is confirmed after additional analyzes in 
other etiologies of encephalitis, these advanced MRI analysis techniques 
could be a complementary diagnostic tool in this type of impairment in 
the near future. 

7. Conclusion 

This study highlighted a particular radiological profile in our sub
jects with neurological syndrome associated with anti-GAD antibodies, 
all phenotypes combined. Our results suggest that anti-GAD phenotypes 
should be considered as a continuum because of the similar atrophy 
patterns found, independently of the anti-GAD phenotype. Future 
functional and connectivity imaging analysis in neurological autoim
mune diseases are warranted, in order to strengthen the brain and 
cerebellar networks involved in autoimmune encephalitis. 
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