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Functional connectivity of large-scale brain networks in
patients with anti-NMDA receptor encephalitis:
an observational study

Michael Peer, Harald Priss, Inbal Ben-Dayan, Friedemann Paul, Shahar Arzy*, Carsten Finke*

Summary

Background In anti-NMDA receptor (NMDAR) encephalitis, antibody-mediated dysfunction of NMDARs causes
severe neuropsychiatric symptoms, including psychosis, memory deficits, and movement disorders. However, it
remains elusive how antibody-mediated NMDAR dysfunction leads to these symptoms, and whether the symptoms
arise from impairment in specific brain regions and the interactions between impaired regions.

Methods In this observational study, we recruited 43 patients with anti-NMDAR encephalitis from a tertiary university
hospital and 43 age-matched and sex-matched healthy controls without a history of neurological or psychiatric
disorders, who were recruited from the general population of Berlin. We used structural and resting-state functional
MRI to investigate alterations in connectivity in all participants. We did functional connectivity analyses, including
large-scale network analysis, whole-brain pair-wise connectivity, and machine-learning classification, and compared
the results with patients’ functional impairment.

Findings Although structural MRI was normal in 31 (72%) of the 43 patients, we observed widespread alterations of
functional connectivity that correlated with clinical measures. These alterations included impaired hippocampal
functional connectivity, decoupling of the medial temporal and the default-mode networks, and an overall impairment
of frontotemporal connections. Furthermore, functional connectivity was impaired within distributed large-scale
networks, including sensorimotor, frontoparietal, lateral-temporal, and visual networks. Memory impairment
correlated with hippocampal and medial-temporal-lobe network connectivity, whereas schizophrenia-like symptoms
were associated with functional connectivity changes in frontoparietal networks. Machine-learning analyses
corroborated these findings and identified frontoparietal and frontotemporal connections as reliably discriminating
features between patients and controls, yielding an overall accuracy of 81%.

Interpretation This study reveals a characteristic pattern of whole-brain functional connectivity alterations in anti-
NMDAR encephalitis that is well suited to explain the major clinical symptoms of the disorder. These observations
advance the pathophysiological understanding of NMDAR dysfunction in the human brain and could be similarly
relevant for other neuropsychiatric disorders, such as schizophrenia.

Funding Deutsche Forschungsgemeinschaft, Israeli National Science Foundation, Ministry of Science and Technology
of Israel, Orion Foundation, and the Agnes Ginges Center for Neurologenetics.

Introduction

Anti-NMDA receptor (NMDAR) encephalitis is a
newly discovered autoimmune encephalitis with auto-
antibodies that target neuronal surface or synaptic
antigens.! Patients present with a neuropsychiatric
syndrome that typically includes acute psychosis,
behavioural changes, and memory deficits, frequently
followed by movement disorders (usually dyskinesia),
seizures, autonomic instability, and decreased conscious-
ness. Despite this severe clinical course, routine brain
MRI is normal in most patients and therefore provides
only limited diagnostic and prognostic value.? Anti-
NMDAR encephalitis is therefore diagnosed on the
basis of antibody detection in the patient’s cerebrospinal
fluid. By use of advanced imaging analyses, characteristic
structural and functional imaging patterns of auto-
immune encephalitides are increasingly being
recognised.’ In patients with anti-NMDAR encephalitis,

impaired functional connectivity of the hippocampus
with the medial prefrontal cortex and atrophy of the
hippocampus and selected subfields has been observed
and correlated with individual memory deficits.** These
observations are in line with the central role of the
NMDAR in learning and memory and with evidence
that the hippocampus contains the highest density of
NMDARs in the brain.® Nevertheless, NMDARs are
ubiquitously expressed throughout the human brain
and clinical manifestation of anti-NMDAR encephalitis
clearly exceeds hippocampal dysfunction, reflecting
global impairment of NMDAR function in the disease.
The exact pattern of affected cortical and subcortical
NMDARS, and its relation to the clinical manifestation
of anti-NMDAR encephalitis, are still poorly understood.
We hypothesised that clinical symptoms in the course of
the disease are related to NMDAR dysfunction in
functionally defined brain networks, and therefore we
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Research in context

Evidence before this study

Anti-NMDA receptor (NMDAR) encephalitis is characterised by a
clinical picture that includes memory impairment, movement
disorders, and psychotic symptoms, despite NMDARs being
found throughout the human brain. In spite of these prominent
clinical symptomes, structural MRI in patients with anti-NMDAR
encephalitis is mostly normal. On June 1, 2017, we searched
PubMed with the phrase “anti NMDA receptor encephalitis
functional MRI” and “anti NMDA receptor encephalitis fMRI”,
with no date or language restrictions. This search yielded

four studies that used functional MRI in participants, one of which
involved 24 participants that were also in this study. The results of
these studies showed decreased functional connectivity between
the hippocampus and the default-mode network in correlation
with memory performance, increased motor network
connectivity after transcranial magnetic stimulation, increased
default-mode connectivity before plasma-exchange
immunotherapy in two participants, and whole-brain
functional-MRI (fMRI) signal reduction in the acute disease stage
that was resolved later in a single participant.

investigated alterations of functional connectivity in a
cohort of patients with anti-NMDAR encephalitis.

Methods

Participants

We recruited patients with anti-NMDAR encephalitis
from the Department of Neurology of Charité-
Universititsmedizin Berlin. Resting-state functional
MRI (fMRI) analyses of 24 of these participants have
previously been reported.* The control group comprised
age-matched and sex-matched healthy participants who
did not have a history of neurological or psychiatric
disorders, recruited from the general population of
Berlin. Patients were studied after the acute stage of the
disease and were diagnosed on the basis of characteristic
clinical presentation and detection of IgG NMDAR
antibodies in the cerebrospinal fluid. Two board-
certified neurologists with training in psychiatry and
one board-certified psychiatrist independently assessed
each patient’s disease severity based on the modified
Rankin scale (mRS), and evaluated their neurological
and psychiatric symptoms. Hallucinations, delusions,
and thought disorders were classified as positive schizo-
phrenia-like symptoms and anhedonia, avolition, flat
affect, mutism, and catatonia as negative symptoms (on
a binary present or absent scale, for positive and
negative symptoms separately). Verbal episodic
memory (Rey Auditory Verbal Learning Test [RAVLT],
delayed recall) was assessed in all participants at the
time of MRI. All participants gave informed written
consent, and the study was approved by the Charité—
Universititsmedizin Berlin ethics committee and
adheres to the STROBE statement.
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Added value of this study

This study is the first to our knowledge to investigate
resting-state fMRI in a network-based, data-driven,
whole-brain approach in a cohort of patients with
anti-NMDAR encephalitis. We show that antibody-mediated
NMDAR dysfunction results in disrupted connectivity within
and between several large-scale brain networks. We also show
that functional connectivity impairments in different brain
regions are associated with distinct neurological and
psychiatric symptoms.

Implications of all available evidence

This study helps to elucidate the pathophysiological
underpinnings of anti-NMDAR encephalitis and provides an
explanation as to how disruption of NMDAR function in different
parts of the brain induces distinct neuropsychiatric symptoms.
Finally, with anti-NMDAR encephalitis providing a unique
human model of selective NMDAR disruption, our findings have
implications for understanding other neuropsychiatric disorders
with NMDAR dysfunction, such as schizophrenia.

MRI acquisition and fMRI preprocessing

Details are provided in the appendix. These MRI sequences
were acquired on a Siemens 3T scanner (Siemens,
Erlangen, Germany): Tl-weighted MPRAGE sequence
(1 mm isotropic); resting-state fMRI sequence (repetition
time=2250 ms, voxel size=3 -4 mm isotropic, 260 volumes);
T2-weighted sequence; and T2-weighted FLAIR sequence.
Additionally, we reviewed structural MRIs and MRI reports
acquired during the acute disease stage. We did
preprocessing as previously described, and included
rigorous control for motion artifacts, including multiple
regression of 24 motion parameters, regressors for motion
spikes (so-called scrubbing), and regressors for global
mean, white-matter, and cerebrospinal fluid signals.

Extraction of region-wise resting-state time series

To measure functional connectivity, we first defined a
whole-brain network using the Automated Anatomical
Labeling (AAL) atlas, which defines 45 brain regions in
each cerebral hemisphere.® We used intensity-based
masking to avoid including voxels that are affected by
signal dropout.” We removed regions containing fewer
than 10 voxels after masking (ie, globus pallidus in all
participants, olfactory cortex in five participants, gyrus
rectus in one participant) from further analyses and
ignored them when averaging within networks and
across participants. We averaged the BOLD signal
across each brain region (from grey-matter voxels only,
defined using statistical parametric mapping [SPM],
version 8; segmentation probability >0-5), resulting in
a time series of the average activity within that region.
We next computed the Pearson correlation coefficient
between each pair of functional regions, resulting in a

See Online for appendix
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90x90 whole-brain functional connectivity matrix. We
normalised the correlation values using Fisher’s r-to-z
transformation.

Identification of disturbed connectivity patterns

To identify disturbed connectivity patterns across the
brain, we used four approaches: voxel-wise hippocampal
seed-based connectivity analysis, average connectivity in
large-scale networks, direct comparison of all brain
connectivity values, and logistic-regression-based feature
selection.

To measure voxel-wise hippocampal connectivity, we
averaged the signal from all hippocampal voxels (defined
from the AAL atlas, masked with grey matter) for each
participant. For each grey-matter voxel in the rest of the
brain, we compared its connectivity (correlation) with the
hippocampus between patients and controls using one-
tailed two-sample t tests (false-discovery-rate [FDR]
controlled for multiple comparisons).

To identify major resting-state brain networks, we
averaged the full connectivity matrices of all controls to
obtain a single 90x90 matrix, and applied K-means
clustering on the matrix rows. The clustering approach
enables identification of non-overlapping functional
networks that span the whole brain, in a data-driven
manner." We did clustering with the K-means function
(K=10, Euclidean distance metric) of MATLAB (version
2012a) and repeated it 100 times to avoid local minima.
The number of clusters (K=10) was selected after visual
inspection of results of different numbers, since the
resulting clusters closely correspond to known cortical
and subcortical functional networks from the literature
(appendix).® We computed each participant’s average
connectivity within each network by averaging all pairwise

Forthe data see httpy/mind.  COTTelation values of regions belonging to the network.
hujiacil/nmdareaspx ~ We calculated inter-network connectivity as the average of

A B
Hippocampal connectivity differences
ppocamp 4 0087 p<0-0001
0-06 p<0-0001
Medial
Hippocampal seed 0-04
0-02

Mean connectivity

Lateral

Right hemisphere Left hemisphere ' [J Uncorrected p<0-05
I FDR-corrected ¢<0-05

Figure 1: Connectivity changes between the hippocampus and cerebral cortex in patients with anti-NMDA
receptor encephalitis

(A) Voxels that showed significantly decreased connectivity to the hippocampus in patients with anti-NMDA
receptor encephalitis are shown in red (FDR-corrected results; ¢<0-05) and yellow (uncorrected results; p<0-05).

The pattern of decreased connectivity clearly delineates the default-mode network (appendix). The hippocampal
seed region of interest is shown for visual reference. (B) Functional connectivity between the hippocampus and the
voxels (identified in panel A), shown separately for severely affected patients (mRS >2), moderately affected patients
(MRS <2), and controls. Black lines indicate significant differences (p<0-0001). Error bars show SEM values.
FDR=false-discovery rate. mRS=modified Rankin scale.
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all correlation values between pairs in different networks.
We assessed averaged network connectivity differences
between patients and controls using one-tailed two-
sample t tests (unequal variance).

To find specific disturbed connections between brain
regions, we compared the connectivity between each pair
of regions between patients and controls using two-tailed
two-sample ¢ tests. We applied the FDR multiple-
comparisons correction to the p values to identify
significantly disturbed connections.

To identify the features (brain connections) that
contributed the most for classification between patients
and controls, we used a logistic regression classifier with
Ll-regularisation (A=15, one iteration), which provides a
sparse solution for feature selection, as implemented in
the LIBSVM package (version 3.20).” Features for
classification included correlation values between all
brain regions (4005 values, z normalised). The data were
classified labelled as patient or control, with leave-one-
out cross validation (in each cycle, 85 participants were
used for training and testing was done on the remaining
participant). We did feature selection inside each cross-
validation cycle on the training set by choosing all non-
zero elements of the regression weights matrix. We
selected discriminating features as features chosen in
over two-thirds of the cross-validation cycles.

To test for correlations with clinical symptoms, for
each participant we computed the within-network
connectivity and the average correlation between
the hippocampus and all identified voxels in the
hippocampal connectivity disturbance analysis, as
described previously. We then computed the correlation
between these values and patients’ RAVLT score, mRS
score, disease duration, time after disease onset, average
patient motion, number of motion spikes, and presence
of psychiatric symptoms.

We applied machine learning to assess the future
potential of resting-state fMRI for the classification of
anti-NMDAR encephalitis from controls (appendix).

We visualised networks with Caret software
(version 5.65).” We visualised connectivity with BrainNet
Viewer (version 1.53)."

Data sharing
Patients’ whole-brain correlation matrices and our full
analysis codes are available online.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to
all the data in the study and had final responsibility for
the decision to submit for publication.

Results

We recruited 43 patients (39 women, four men; mean
age 26-6 years [SD 8-6]; appendix) and 43 age-matched

www.thelancet.com/psychiatry Vol 4 October 2017
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Figure 2: Functional connectivity reductions in major brain networks in patients with anti-NMDAR encephalitis
We identified ten functional networks by clustering connectivity patterns in controls. Four networks (medial-temporal, sensorimotor, lateral-temporal and visual) showed significant changes, and a
similar but not significant trend was observed for the ventral attention network, while no connectivity changes were observed within the default-mode network. Connectivity reduction is shown
separately for severely affected patients (mRS >2), moderately affected patients (mRS <2), and controls. Bar graph values indicate mean within-network connectivity, computed as mean connectivity
between all pairs of regions belonging to the network. Black lines indicate a significant decrease in connectivity between patients and controls (FDR-corrected p<0-05). All networks are projected on

the left hemisphere.

and sex-matched healthy participants (39 women,
four men; mean age 26-9 years [SD 8-5]; p=0-9). Patients
were studied after the acute stage of the disease
(12-6 months [SD 2-6] after hospital discharge). In a
voxel-wise analysis of hippocampal connectivity to the
rest of the brain, we observed significantly reduced
functional connectivity in patients with anti-NMDAR
encephalitis between the two hippocampi and the medial
prefrontal cortex (FDR-corrected q<0-05; figure 1;
appendix). Uncorrected results showed additional
reductions in connectivity to the precuneus, posterior
cingulate cortex, inferior-parietal lobule, and lateral-
temporal cortex—ie, the default-mode network (DMN;
all uncorrected p values <0-05; figure 1; appendix).** We
observed significantly reduced hippocampal connectivity
independently, both in the previously investigated
24 patients,* as well as in the 19 newly recruited patients
(p<0-0001 for both patient groups), therefore replicating
and expanding on our previous results.

We investigated whether anti-NMDAR encephalitis
preferentially affects distinct neuronal circuits by looking
at functional connectivity within ten major large-scale
resting-state brain networks,” and compared network
connectivity values between severely affected patients
(mRS >2), moderately affected patients (mRS <2), and
controls (appendix). For moderately affected patients,
there was a significant reduction in connectivity within

www.thelancet.com/psychiatry Vol 4 October 2017

the medial-temporal lobe (MTL) network (mean r=0-34
[controls], 0-28 [patients]; difference 95% CI 0-04-0-08;
FDR-corrected p=0-0005) and in the sensorimotor
network (mean r=0-53 [controls], 0-44 [patients];
0-05-0-13; FDR-corrected p=0-01 figure 2). In severely
affected patients, we identified additional connectivity
reductions in the visual network (mean r=0-53
[controls], 0-46 [patients], difference 95% CI 0-02-0-12;
FDR-corrected p=0-043) and lateral-temporal network
(mean r=0-24 [controls], 0-18 [patients]; 0-03-0-09;
FDR-corrected p=0-028; figure 2). There was no
significant reduction in connectivity in any other of the
identified large-scale brain networks (DMN, ventral
attention network, auditory network, thalamus-basal
ganglia network, frontoparietal control network, and
orbitofrontal-temporal network). We also assessed
connectivity between each network and the other
nine networks. This analysis showed a significant
reduction in connectivity only between the MTL network
and DMN, providing support to the hippocampal seed-
based analysis, although this result was not significant
after correction for multiple comparisons (mean r=0-10
[controls], 0-07 [patients]; difference 95% CI 0-01-0-06,
uncorrected p=0-011). All of the identified network
connectivity reductions were also significant when
comparing only the 39 female patients to the 39 female
controls (FDR-corrected p <0-05).
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Figure 3: Specific brain connections with highly decreased connectivity in
patients with anti-NMDAR encephalitis

(A) Decreased connectivity between brain regions is marked on a glass brain in
lateral and dorsal views. (B) Regions involved in each affected connection.
Affected connections involve mainly the frontal and medial temporal lobes.
(C) Significant connectivity differences between patients and controls for all
brain regions (in the order of the Automated Anatomical Labeling atlas).

We directly compared the connectivity values between
patients and controls for all pairs of brain regions (as
identified in the AAL atlas®), to identify specifically
disrupted connections. We observed significantly reduced
functional connectivity for 16 pair-wise connections
(FDR-corrected p<0-05). All of these connections included
frontal-lobe regions and 75% of these had reduced
connectivity with medial-temporal and inferior-parietal
regions (figure 3).

To validate these results using a complementary
approach, we used logistic regression classification,
which identifies strongly discriminating features

(brain connections) between patients and controls.
29 brain connections were identified as important for
classification (appendix). These connections were mostly
between medial-frontal and medial-temporal regions
(16 connections), between lateral-frontal and lateral-
parietal regions (six connections), or between sensory-
motor regions (three connections), corroborating the
results of the previous analyses. Using only these brain
connections, the classifier separated patients from
controls (69% correct prediction; permutation test
p=0-025). Additionally, a supervised machine-learning
analysis discriminated with high accuracy (81%) between
patients and controls on the basis of functional
connectivity patterns (appendix).

To examine the clinical relevance of the identified
functional connectivity decreases, we correlated
patients’ clinical parameters with hippocampal
connectivity impairment and connectivity within large-
scale networks (appendix). Hippocampal connectivity
correlated significantly with RAVLT delayed recall
performance in patients (r=0-33, B=24.1; p=0-031).
Furthermore, connectivity within the MTL network was
significantly correlated with memory performance in
the RAVLT delayed recall score (r=0-35, [(=18-9;
p=0-021). RAVLT scores ranging across the full possible
spectrum (1-15) and high regression slopes (8 values)
support the clinical relevance of the relation between
connectivity changes and memory performance
(appendix). Alteration of functional connectivity in the
affected networks (MTL, sensorimotor, lateral-temporal,
and visual) scaled with disease severity, because
connectivity in severely affected patients was lower
than in moderately affected patients (figure 2). Finally,
positive schizophrenia-like symptoms were correlated
with connectivity within the frontoparietal control
network (r=0-34, P=2-48; p=0-026) and inversely
correlated with connectivity within the lateral-temporal
network (r=—0-30, f=-1-63; p=0-050) whereas negative
psychotic symptoms were correlated with connectivity
within the ventral attention network (r=0-32, p=2-33;
p=0-036). Among strongly discriminating brain
connections, average frontoparietal connectivity was
correlated with positive psychotic symptoms (r=0-31,
B=1-68; p=0-047), corroborating the average network
correlation findings. The described correlations were
not corrected for multiple comparisons, because of the
small number of patients and the exploratory nature of
this analysis. There was no significant correlation of
functional connectivity with disease duration, time
since disease onset, patient age, or patient’s mean head
motion. Further demonstrations that motion did not
affect the observed connectivity reductions are provided
in the appendix.

Analysis of structural images (T1, T2, and FLAIR-
weighted) acquired during the acute stage of the disease
did not detect any significant abnormality in 31 (72%) of
43 patients (appendix).
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Discussion

Network analysis of resting-state fMRI data recorded
from patients with anti-NMDAR encephalitis revealed
characteristic patterns of alterations in whole-brain
functional connectivity. There were inter-network
perturbations between the hippocampus and MTL
and the DMN, and significant reductions in intra-
network connectivity were observed within the MTL,
sensorimotor, lateral-temporal, and visual networks,
when compared with controls. Logistic regression
classification corroborated the findings of fronto-
parietal and frontotemporal connectivity disturbances.
Exploratory analyses indicated that impaired fronto-
temporal connectivity and decoupling of the MTL
network and the DMN are associated with impaired
memory performance. Additionally, in line with the
proposed NMDAR dysfunction in schizophrenia,*" we
observed associations between positive and negative
schizophrenia-like symptoms and alteration in
functional connectivity of the frontoparietal control
network and the ventral attention network. Finally,
supervised machine-learning analyses discriminated,
with high accuracy, between patients and controls on
the basis of functional connectivity patterns, providing
a preliminary demonstration of the potential clinical
use of resting-state fMRI—by contrast with structural
routine MRI—to contribute meaningful information
on the disease state. This potential use requires
validation in longitudinal studies and comparison with
patient groups with similar clinical presentation.

The hippocampus plays a central role in the
pathophysiology of anti-NMDAR encephalitis, as reflected
by severe and persistent memory deficits and structural
and functional MRI findings.**** In this study, we
observed impaired functional connectivity of the
hippocampus using four complementary approaches:
reduced functional connectivity within the MTL network,
reduced seed-based functional connectivity between
the hippocampus and major nodes of the DMN
(predominantly the medial prefrontal region), decoupling
of the MTL and DMN networks, and disturbed
frontotemporal connectivity in the whole-brain pair-wise
connectivity analysis and logistic regression analysis.
These results complement previous observations of
reduced hippocampal functional connectivity with the
anterior DMN.* Reduced connectivity of the hippocampus
and within the MTL network was associated with
impaired memory. These findings emphasise the
pathophysiological and clinical relevance of impaired
hippocampal NMDAR function for memory deficits in
these patients, and provide a model for the role of
NMDARs in human memory.***

We observed no alterations in connectivity within the
DMN, although the hippocampus is frequently considered
as part of this network. This contrasts with a previous
report of DMN disturbances in a patient in the acute
encephalitis stage.® The DMN is involved in internally
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directed processes, including mind-wandering, theory
of mind, autobiographical memory, and mental
orientation.”” Coupling of the hippocampus with the
DMN is flexible and can depend on the behavioural
context, with DMN-hippocampus dissociation during
memory encoding.”? Our results show that anti-NMDAR
encephalitis causes a disruption of the coupling between
the hippocampus and the DMN, rather than disturbing
connectivity within the DMN. Intriguingly, similar
patterns of disrupted MTL-DMN connectivity have been
observed in other disorders with prominent memory
deficits, such as Alzheimer’s disease,” and after admin-
istration of the NMDAR antagonist ketamine.*

Beyond the hippocampus, functional connectivity
disturbances were widespread and affected distributed
large-scale brain networks—ie, the MTL, sensorimotor,
visual, and lateral-temporal networks. In line with these
observations, a case study of a patient with NMDAR
encephalitis found functional connectivity changes in
several large-scale resting-state networks in the acute
disease stages.” Together, these findings reflect the
expression of NMDARs throughout the cortex and
highlight their central role in behaviour.® The
widespread connectivity disturbances could also be
understood in light of the previously described white-
matter damage in anti-NMDAR encephalitis, which
might cause functional connectivity disturbances
without apparent grey-matter damage.**

Our findings suggest that functional connectivity
impairments represent biologically plausible correlates of
major disease symptoms that are in line with clinical
knowledge and theories, although these results require
further testing because they did not pass multiple
comparisons correction. Psychotic symptoms were
correlated with frontoparietal connectivity disturbances (in
the ventral attention and frontoparietal control networks
and individual brain connections), in accordance with
recent findings of ventral attention network and fronto-
parietal control network disturbances in schizophrenia,*
and with models of psychosis that suggest reliance on
NMDAR regulation and frontoparietal connectivity.® The
large regression coefficients in our study suggest clinical
relevance of the observed connectivity changes for psychotic
symptoms. Disturbance of sensorimotor connectivity
might be related to movement disorders in acute
disease stages, in accordance with 18F-fluorodeoxyglucose
(18F-FDG) PET and transcranial magnetic stimulation
findings of motor cortex dysfunction in patients with anti-
NMDAR encephalitis.®” The results of visual network
disturbances are in line with recent findings of reduced
visual acuity in these patients that correlated with disease
severity,” suggesting a cortical origin for these deficits and
corroborating findings of reduced occipital 18F-FDG-PET
metabolism in the disease.” Finally, disruption of executive
function in patients with anti-NMDAR encephalitis® could
be related to the abnormal frontal functional connectivity
we have observed.
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Despite our systematic findings, this study is not free of
limitations. First, our patients were scanned after the acute
disease stage and connectivity disturbances thus reflect the
long-term effects of the disorder. The use of clustering and
averaging activity across functional clusters assumes
homogeneous activity within them; negative correlations
inside functional clusters could complicate interpretation,
and alternative measures such as principal eigenvariates
could be considered in future. However, this consideration
does not affect results regarding the location of connectivity
changes in patients. Additionally, results of connectivity
correlation to clinical parameters are exploratory because
they did not pass multiple comparisons correction, and
they therefore need to be validated in large patient
groups. Although we used stringent motion correction
and confounds regression, alternative analyses, such as
physiophysiological interactions, that further eliminate
noise from the data might be of interest in the future.
Finally, individually adjusted parcellations could provide
even more precise results than the AAL parcellation
we applied.

We have shown that anti-NMDAR encephalitis is
associated with connectivity disturbances predominantly
between frontotemporal cortices, but also in sensori-
motor, visual, frontoparietal, and MTL networks. This
dysfunction is associated with major disease symptoms,
highlighting the role of NMDAR distribution and
associated network function in psychosis and memory.
Analysis of functional connectivity thus provides a
valuable tool to advance the pathophysiological under-
standing of anti-NMDAR encephalitis and other
disorders related to NMDAR dysfunction.
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