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ABSTRACT
BACKGROUND: Anti-NMDA receptor encephalitis (NMDARE) causes long-lasting cognitive deficits associated with
altered functional connectivity. Eigenvector centrality (EC) mapping represents a powerful new method for data-
driven voxelwise and time-resolved estimation of network importance—beyond changes in classical static
functional connectivity.
METHODS: To assess changes in functional brain network organization, we applied EC mapping in 73 patients with
NMDARE and 73 matched healthy control participants. Areas with significant group differences were further inves-
tigated using 1) spatial clustering analyses, 2) time series correlation to assess synchronicity between the hippo-
campus and cortical brain regions, and 3) correlation with cognitive and clinical parameters.
RESULTS: Dynamic, time-resolved EC showed significantly higher variability in 13 cortical areas (familywise error p ,
.05) in patients with NMDARE compared with healthy control participants. Areas with dynamic EC group differences
were spatially organized in centrality clusters resembling resting-state networks. Importantly, variability of dynamic
EC in the frontotemporal cluster was associated with impaired verbal episodic memory in patients (r = 20.25, p =
.037). EC synchronicity between the hippocampus and the medial prefrontal cortex was reduced in patients
compared with healthy control participants (familywise error p , .05, tmax = 3.76) and associated with verbal
episodic memory in patients (r = 0.28, p = .019). Static EC analyses showed group differences in only one brain
region (left intracalcarine cortex).
CONCLUSIONS: Widespread changes in network dynamics and reduced hippocampal-medial prefrontal
synchronicity were associated with verbal episodic memory deficits and may thus represent a functional neural
correlate of cognitive dysfunction in NMDARE. Importantly, dynamic EC detected substantially more network
alterations than traditional static approaches, highlighting the potential of this method to explain long-term deficits
in NMDARE.

https://doi.org/10.1016/j.bpsc.2024.07.021
Anti-NMDA receptor encephalitis (NMDARE) is a severe neu-
roimmunological disease (1) that frequently leads to long-term
cognitive deficits (2,3). While clinical magnetic resonance im-
aging (MRI) typically shows no or only mild structural abnor-
malities (4), NMDA receptor autoantibodies have been shown to
induce extensive functional network changes. Thus, early neu-
roimaging studies have applied resting-state functional MRI to
investigate the functional connectivity between blood oxygen-
ation level–dependent (BOLD) signals of individual brain re-
gions. These studies identified functional connectivity changes
in most resting-state networks and found that hippocampal
connectivity was particularly impaired, with strong associations
to cognitive impairment and disease severity (5,6).

These early findings rested on the classical approach to es-
timate functional connectivity across the brain, in which pair-
wise BOLD time series correlation between any two brain
regions is aggregated into a single connectivity matrix. This
ª 2024 Society of Biological Psychiatry. Published by Elsevier In
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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approach yields a static account of functional connectivity, in
that regional BOLD activity is correlated across the entire
resting-state scan of several minutes (yielding a single correla-
tion coefficient between any 2 brain regions). This static
approach has been applied in many neurological and psychi-
atric disorders, including NMDARE, and identified distinct pat-
terns of functional connectivity alterations associated with
major clinical symptoms (7). However, recent methodological
advances now suggest that key aspects of functional brain
network organization and dysfunction may not be adequately
captured by purely static accounts of functional connectivity (8).

First, accumulating evidence shows that resting-state
functional connectivity patterns are not stable over time, but
rather fluctuate dynamically (9). Hence, static functional con-
nectivity metrics disregard temporal information on the
different connectivity patterns that emerge transiently during
the resting-state recording (10). Second, recent research has
c. This is an open access article under the
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Table 1. Sample Characteristics

Characteristic

Patients With
NMDARE,
n = 73

Healthy Control
Participants,

n = 73

Sex, n (%)

Female 62 (85%) 62 (85%)

Male 11 (15%) 11 (15%)

Age, Years, Mean (SD) 28.6 (8.7) 29.0 (8.5)

Education, Years, Mean (SD) 13.3 (2.3) –

Time Since Diagnosis, Years,
Mean (SD)

2.8 (2.4) –

Peak mRS, n (%)

2 9 (13%) –

3 16 (24%) –

4 14 (21%) –

5 28 (42%) –

mRS at rs-fMRI, n (%)

0 18 (25%) –

1 31 (43%) –

2 19 (26%) –

3 3 (4%) –

4 1 (1%) –

Cognitive Deficits by Domain

Digit span backward 13 (18%) –

AVLT delayed recall 16 (23%) –

ROCF delayed recall 12 (17%) –

Alertness tonic 6 (9%) –

Go/no go 9 (15%) –

AVLT, Auditory Verbal Learning Test; mRS, modified Rankin Scale; NMDARE,
anti-NMDA receptor encephalitis; ROCF, Rey-Osterrieth Complex Figure; rs-fMRI,
resting-state functional magnetic resonance imaging.
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suggested that static functional connectivity may be driven by
only a few time points of high interregional cofluctuation (11),
indicating that static functional connectivity may only reflect a
small proportion of all connectivity patterns that emerge over
time. Third, resting-state functional connectivity is organized
along a hierarchical spatial topology in which some regions are
more important—or central—to the network than others.
However, a single brain region may be involved in different
functional systems at different times (12–14), requiring a time-
resolved—or dynamic—analysis of centrality within the
network. In this regard, eigenvector centrality (EC) mapping
represents a novel and computationally efficient method that
provides such time-resolved estimation of network centrality
(15,16). EC refers to a graph-theoretical measure that quan-
tifies the importance of a node in the network as its connection
strength to other nodes that are themselves strongly
connected.

Improved methods are urgently needed to better under-
stand brain dysfunction in NMDARE. The lack of solid bio-
markers for brain repair after encephalitis impairs decisions
regarding the continuation of immunotherapy, estimation of
prognosis, and repeated unbiased measures of recovery.
However, only very few studies have begun to unravel the
temporal patterns of functional connectivity in NMDARE. One
recent study on resting-state dynamics found characteristic
functional connectivity alterations within connectivity states
(i.e., transient connectivity patterns) and increased temporal
dynamics (17). Remarkably, these alterations were not
detectable in conventional static functional connectivity ana-
lyses. Furthermore, this study showed increased volatility of
resting-state dynamics that were correlated with disease
severity and psychiatric symptoms, highlighting that altered
resting-state dynamics may carry meaningful clinical informa-
tion about the disease. However, this and other previous
studies were based on functional connectivity differences
within predefined regions (17). Importantly, such predefined
anatomical regions may not necessarily match the compo-
nents of functional networks (10), or the involvement of a
particular voxel may itself change dynamically over time. EC
mapping overcomes this issue by allowing for a fine-grained
spatial resolution on the voxel level—without the need to
predefine particular regions.

Against this background, the current study aims to investi-
gate dynamic changes in network centrality in patients with
NMDARE in order to elucidate ongoing brain dysfunction in
this disease. To this end, we 1) assessed static and dynamic
functional network centrality patterns in patients with NMDARE
compared with matched healthy control participants, 2)
investigated whether altered centrality and its dynamic
changes were associated with cognitive impairment, and 3)
evaluated seed-to-whole-brain centrality dynamics for the
hippocampus as a region whose connectivity is particularly
affected by NMDARE.

METHODS AND MATERIALS

Participants

We included 73 patients with NMDARE as part of a prospec-
tive observational cohort study at Charité – Uni-
versitätsmedizin Berlin. All patients had a confirmed NMDARE
Biological Psychiatry: Cognitive Neuroscience and Neuroima
diagnosis according to current criteria, including the detection
of IgG NMDA receptor antibodies in cerebrospinal fluid (CSF)
(18). Patients’ mean time since diagnosis was 2.8 years, and
most patients were severely affected during the acute disease
stage (median modified Rankin Scale [mRS] 4) but had
improved clinically by the time of MRI (median mRS 1). Pa-
tients most frequently showed deficits in verbal episodic
memory (Table 1). Healthy control participants (n = 73) were
recruited as part of several neuroimaging studies and matched
to patients by sex (exact match) and age (t = 0.31, p = .755)
using the MatchIt package in R software (version 4.3.2; R
Foundation for Statistical Computing).

Ethics

All patients and healthy control participants provided written
informed consent according to the Declaration of Helsinki, and
the study was approved by the Charité – Universitätsmedizin
Berlin ethics committee (ref. no. EA4/011/19). Some of the
study participants were included in previous studies
(5,6,17,19).

Cognitive and Clinical Measures

Cognitive impairment was assessed in patients in the following
domains known to be impacted by NMDARE: working memory
(digit span backward), verbal episodic memory (Auditory
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Verbal Learning Test [AVLT], delayed recall), visuospatial
episodic memory (Rey-Osterrieth Complex Figure test,
delayed recall), alertness (Test of Attentional Performance
tonic alertness, median reaction time), and executive function
(Test of Attentional Performance go/no go, median reaction
time). In accordance with the test manual of the AVLT, par-
ticipants were given a break of 25 minutes in which they were
asked not to practice the 15 words. After the break, they were
asked to recall as many of the words as possible to determine
the delayed recall score. A patient was considered to have a
cognitive deficit in a given domain if the test score representing
this domain was 1.5 SD below the mean from normative data
of the patient’s age group. In addition, the mRS was used to
assess disability ranging from 0 (no symptoms) to 5 (bed-
bound) both at peak severity and on the day of the MRI scan.

MRI Acquisition

Structural and functional MRI data of all patients and healthy
control participants were acquired at the Berlin Center for
Advanced Neuroimaging at Charité – Universitätsmedizin Berlin
on a 3T Tim Trio scanner (Siemens) using a 20-channel head coil.
The protocol included a high-resolution T1-weighted structural
magnetization-prepared rapid acquisition gradient-echo
sequence (1 mm isotropic voxels) and a resting-state echo-
planar imaging sequence (repetition time = 2.25 seconds, echo
time = 30 ms, 260 volumes, 3.4 mm isotropic voxels).

MRI Preprocessing

We used the ICA-AROMA12Phys-Pipeline for preprocessing
(20), which included discarding the first 4 of the scan, slice time
correction, realignment to the first volume, spatial normaliza-
tion to Montreal Neurological Institute space (voxel size 2 3

2 3 2 mm), brain extraction, detrending, intensity normaliza-
tion, motion correction via ICA-AROMA, denoising using mo-
tion parameters, mean white matter and CSF time series
regression, bandpass filtering (retaining 0.008–0.08 Hz), and
spatial smoothing with a 6-mm full width at half maximum
smoothing kernel. We then applied an Montreal Neurological
Institute space gray matter mask excluding the cerebellum and
the brainstem in line with previous studies (21).

Statistical Procedures

EC Mapping. EC represents a graph-theoretic measure that
attributes a value of importance to each node in a network. In
EC mapping for network neuroimaging, nodes correspond to
voxels and have high EC if they are strongly connected (i.e.,
their BOLD signals are highly correlated) to many other voxels
that are themselves highly connected (15). EC mapping is
sensitive to relatively subtle changes in connectivity (22) and
has revealed network alterations associated with cognitive
impairment and disability in multiple sclerosis (MS) (21,23–25)
and biomarkers of Alzheimer’s disease (26,27). An illustration
of the current methodology, including a comparison with our 2
previous resting-state functional MRI studies in patients with
NMDARE, is shown in Figure S1.

Voxelwise EC maps were calculated using the fastECM
toolbox (https://github.com/amwink/bias) (16) in MATLAB
(version R2019b; The MathWorks, Inc.). Static EC was
computed using the whole resting-state functional time series
1224 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging
for each voxel (across 255 volumes). Dynamic EC was
assessed using a sliding window approach with a window
length of 20 volumes (45 seconds) and a shift length of 1
volume, resulting in 236 windows per resting-state recording.
EC maps were computed for each time window and concat-
enated to create a 4-dimensional dynamic centrality map.
Dynamic variability of centrality was computed as the standard
deviation across time of each concatenated 4-dimensional
dynamic centrality map—analogous to a study by Eijlers
et al. (23). Thus, this approach resulted in voxelwise maps of
static centrality as well as dynamic variability of centrality,
which were subjected to the following further analyses.

Group Comparisons. We first assessed differences be-
tween patients with NMDARE and control participants in static
and time-resolved EC using a voxelwise approach. Group
differences in static EC maps and in the variability (standard
deviation) of time-resolved EC maps were assessed using FSL
randomise (version 6.0.4; https://fsl.fmrib.ox.ac.uk) for inde-
pendent samples with threshold-free cluster enhancement and
5000 permutations.

Hierarchical Clustering of Eigenvector Dynam-
ics. Next, we explored spatial patterns of group differences
using a clustering approach. Voxels with significant group
differences were grouped according to the threshold-free
cluster enhancement method, yielding 13 voxel clusters with
more than 50 voxels each. To label these voxel clusters in an
anatomically meaningful way, we assigned an atlas-based
anatomical label to each cluster using FSL atlas query. For
each of the 13 voxel clusters, we extracted the mean window-
wise EC values in each participant. The resulting time series
were then spatially grouped via hierarchical clustering, in which
the similarity of EC fluctuations over time was quantified by the
Euclidean distance (pdist function in MATLAB).

Associations between dynamic EC and clinical or cognitive
outcomes were computed for each of the 4 clusters: We first
extracted the average standard deviation across all voxels in a
cluster from the dynamic EC maps and then computed Ken-
dall’s tau correlation with mRS at the time of scan and the
product-moment correlation (r) with each cognitive test score.

Hippocampal Synchronicity of EC

Because previous studies in patients with NMDARE found
particularly strong changes in functional connectivity for the
hippocampus (5,6,17), we studied seed-to-whole-brain asso-
ciations in dynamic centrality to investigate the functional dy-
namics of the hippocampus in more detail. To this end, a
sphere was created for the left and right hippocampus (diam-
eter: 5 mm) as the seed region of interest. To avoid partial
volume effects with CSF, the spheres were subsequently
masked with the gray matter mask used for the computation of
the EC maps (see Table S1 for coordinates and Figure S2 for
seed masks). For all voxels in each seed, we extracted the
mean window-wise dynamic EC values for each participant.

The synchronicity of centrality dynamics between regions
was assessed as the product-moment correlation between the
EC time series of the seed and every other gray matter voxel in
the brain. The result was a brain map of seed-to-whole-brain
November 2024; 9:1222–1229 www.sobp.org/BPCNNI
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synchronicity of EC for each participant. These represent the
synchronicity in centrality between the region of interest and
the rest of the brain, which may be disrupted in neurological
diseases that functionally or structurally affect the respective
region of interest.

To assess whether EC synchronicity is altered in patients
with NMDARE, we compared seed-to-whole-brain EC syn-
chronicity maps between patients and control participants
using FSL randomise for independent samples with threshold-
free cluster enhancement and 5000 permutations. For voxels
with significant group differences, the association between EC
synchronicity and each cognitive test was assessed using
product-moment correlations.

Missing Values. There were ,5% missing values for any of
the analyzed variables. Missing values were removed pairwise
for correlations.

RESULTS

EC Group Differences Between Patients With
NMDARE and Healthy Control Participants

Significantly higher variability (i.e., standard deviation) of dy-
namic EC was observed in patients compared with control
participants in the bilateral parahippocampal gyrus, bilateral
precuneus, bilateral superior frontal gyrus, right thalamus, right
frontal pole, inferior lateral occipital cortex, right temporo-
occipital fusiform cortex, right superior lateral occipital cor-
tex, left temporo-occipital fusiform cortex, bilateral posterior
cingulate gyrus, left occipital pole, bilateral posterior temporal
fusiform cortex, and left superior lateral occipital cortex (fam-
ilywise error p [pFWE] , .05) (Figure 1A). These regions were
further investigated in the hierarchical clustering analysis. In
static EC analyses, patients with NMDARE showed higher EC
in the left intracalcarine cortex compared with healthy control
participants (pFWE , .05) (Figure 1B).

Hierarchical Clustering of Eigenvector Dynamics

Areas with significant group differences in EC dynamics hier-
archically clustered into 4 spatial clusters based on the simi-
larity of EC fluctuations over time. These centrality clusters
resembled components of the salience, precuneus/default
mode, frontotemporal, and frontal resting-state networks and
were labeled accordingly (Figure 2A). In patients with
NMDARE, the variability (i.e., standard deviation over time) of
Figure 1. Voxels with (A) significantly higher variability in dynamic
eigenvector centrality (EC) and (B) significantly higher static EC in patients
with anti-NMDA receptor encephalitis compared with healthy control par-
ticipants (familywise error p , .05).
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dynamic EC in the temporal cluster was negatively correlated
with verbal episodic memory as assessed with the delayed
recall task of the AVLT (r = 20.25, p = .037) (Figure 2B). There
was no significant correlation between the other clusters and
cognitive domains (Table S2).

Hippocampal Synchronicity of EC

Time-resolved EC of the right hippocampus was significantly
less correlated with the EC time series of the left medial pre-
frontal cortex (mPFC) in patients, indicating reduced EC syn-
chronicity (pFWE , .05) (Figure 3A). In patients with NMDARE,
reduced synchronicity between the right hippocampus and the
left mPFC was significantly associated with impaired verbal
episodic memory, as assessed with the delayed recall task of
the AVLT (r = 0.28, p = .019) (Figure 3B). There was no sig-
nificant correlation between hippocampus-mPFC synchronic-
ity and the other cognitive tests (Table S3).
DISCUSSION

In this prospective functional neuroimaging study, we found
that NMDARE is characterized by widespread alterations in
brain network centrality dynamics compared with healthy
control participants. Brain areas with significantly increased
centrality dynamics in NMDARE clustered in spatial patterns
consistent with established functional brain networks. In
addition, we observed a desynchronization of brain network
centrality between the hippocampus and the medial mPFC in
patients. Importantly, both EC variability in a spatial cluster of
frontotemporal cortical areas and hippocampal-prefrontal
desynchronization were associated with deficits in verbal
episodic memory. These findings show that dynamic EC
mapping can reveal clinically meaningful changes in network
organization in NMDARE—beyond those detectable with
conventional static functional connectivity analyses.

Recent studies have used a variety of analytical techniques
to assess static and dynamic functional connectivity in
NDMARE and found disruptions in brain networks to be
associated with cognitive deficits (5,6,17,19,28). Dynamic an-
alyses revealed that patients with NMDARE differ from healthy
control participants not only in functional connectivity, but also
in the dynamic fluctuations between distinct brain connectivity
states (17). Importantly, the dynamic approach showed
stronger correlations with clinical and cognitive outcomes and
was better at distinguishing patients from control participants
than the traditional static analysis (17).

However, in the hierarchical spatial topology of a network,
some regions are more important—or central—than others and
a single brain region may be involved in different functional
systems at different times (12–14). Therefore, a time-resolved,
dynamic analysis of centrality within the network may be better
suited to capture the dynamics of functional network organi-
zation in both health and disease (16). Dynamic EC mapping
provides such a measure and has been successfully applied in
MS (23). Therein, changes in EC dynamics in several resting-
state networks as well as loss of interplay between these
networks was identified as a substrate of impaired cognitive
functioning in MS, providing new insights into the impact of the
disease on brain function.
ging November 2024; 9:1222–1229 www.sobp.org/BPCNNI 1225
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Figure 2. (A) Eigenvector centrality (EC) time
series–based spatial hierarchical clustering of areas
with significant group differences in EC dynamics
(left). Surface mapping of the grouped clusters into a
salience (green), precuneus (yellow), frontotemporal
(red), and frontal (blue) centrality cluster (right). (B)
Correlation between variability of EC dynamics in the
frontotemporal cluster and verbal episodic memory
as assessed with the Auditory Verbal Learning Test
(delayed recall of X out of 15 words) in patients with
anti-NMDA receptor encephalitis. The trend line
slope represents the univariate linear regression co-
efficient (shaded area: 95% confidence interval).
Patients with impairment in verbal episodic memory
(z , 21.5) are colored in green. front, frontal; inf,
inferior; l, left; lat, lateral; occ, occipital; para-
hippocamp, parrahippocampal; post, posterior; r,
right; sup, superior; temp, temporal.
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In NMDARE, autoantibodies directly alter receptor function
and density across the whole brain but particularly so in re-
gions with a high density of NMDA receptors such as the
Figure 3. (A) Significantly decreased eigenvector centrality (EC) synchronicit
prefrontal cortex (mPFC) (red voxels) in patients with anti-NMDA receptor ence
Reduced EC synchronicity (product-moment correlation r) between right HPC a
performance in patients with anti-NMDA receptor encephalitis (Auditory Verbal
impairment in verbal episodic memory (z , 21.5) are colored in green. (C) EC dyn
memory performance on the AVLT (top) and one with low synchronicity and low
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hippocampus, resulting in severe impairment of synaptic
plasticity and network function (1). However, it has been diffi-
cult to assess such changes and their correlations to clinical
y between the right hippocampus (HPC) (blue sphere) and the left medial
phalitis compared with control participants (familywise error p , .05). (B)
nd left mPFC is significantly associated with lower verbal episodic memory
Learning Test [AVLT], delayed recall of X out of 15 words). Patients with
amics in an exemplary patient with high HPC-mPFC synchronicity and high
memory performance (bottom).
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symptoms with objective measures of brain function. Dynamic
EC mapping captures dynamic functional alterations and re-
spects their hierarchical topological nature and is therefore
particularly well suited to represent the pathophysiology of
NMDARE. Here, we show that dynamic EC mapping indeed
detects widespread alterations in NMDARE that were not
observed with previous functional connectivity approaches. In
addition, synchronicity of EC between the hippocampus and
the mPFC was impaired and associated with cognitive per-
formance on an individual patient level (Figure 3C). It is
therefore plausible that dynamic EC analyses are particularly
sensitive to network alterations in NMDARE, providing a
deeper insight into the functional changes underlying cognitive
symptoms of the disease.

Our finding that patients with NMDARE show significantly
higher variability of dynamic EC compared with healthy par-
ticipants suggests that network centrality dynamics are more
volatile—or “unstable”—in NMDARE. Using hierarchical clus-
tering analysis, these volatile areas could be grouped spatially
into 4 centrality clusters. In analogy to known resting-state
networks (29), these clusters were identified as salience, pre-
cuneus/default mode, frontotemporal, and frontal systems.
While decreased connectivity in temporal networks was pre-
viously detected using conventional static methods (6), dy-
namic EC mapping now revealed changes in volatility in 3
further systems. This indicates the importance of considering
the temporal dynamics of brain function when investigating
diseases in which functional alterations may represent a key
pathogenic factor—beyond structural damage alone. In this
regard, the variability of EC in the frontotemporal cluster
showed a significant negative association with verbal episodic
memory in our study. This suggests that the volatility of
network configuration may underlie cognitive dysfunction in
NMDARE, highlighting the relevance of dynamic EC changes
to explain long-term symptoms of NMDARE. Indeed, a link
between network alterations in these regions and verbal
memory deficits is plausible in light of previous research that
demonstrated an association between alterations in hippo-
campal and parahippocampal connectivity and verbal memory
dysfunction in NMDARE (6).

In a hypothesis-driven approach, we further assessed hip-
pocampal seed-to-whole-brain EC dynamics and found that
the synchronicity between the right hippocampus and the left
mPFC was significantly reduced in NMDARE. Moreover, re-
ductions in EC synchronization between these areas were
associated with deficits in verbal episodic memory in
NMDARE. Recently, reduced functional connectivity of the
hippocampus was also demonstrated in a mouse model of
NMDARE (30). Notably, the importance of hippocampal-mPFC
connectivity for memory consolidation and retrieval has long
been established in animal models, lesion studies, and struc-
tural imaging (31). The reduction of hippocampal connectivity
in NMDARE is indeed also plausible from a neurophysiological
perspective, as the hippocampus is the brain region with the
highest density of NMDA receptors (32,33).

With regard to previous studies using resting-state func-
tional in patients with NMDARE, our current results corroborate
prior findings while adding several novel insights. Consistent
with earlier reports, we found systematically more volatile
functional dynamics in NMDARE (17,19). In this context, a
Biological Psychiatry: Cognitive Neuroscience and Neuroima
dynamic functional connectivity study from our group showed
an increased volatility of transitions between functional con-
nectivity states, i.e., states with high and low overall connec-
tivity and states with high and low segregation, in patients
compared with healthy control participants (17). In a comple-
mentary approach, we applied a new method to quantify the
temporal trajectories of functional states across the whole
brain with so-called transition networks (19). In line with the
notion of increased functional volatility in NMDARE, we simi-
larly observed a reduced resilience of these transition networks
in patients compared with control participants (19), indicated,
for example, by transitions between more distinct brain states
in patients. In the current study, we also show increased
volatility of functional dynamics in patients with NMDARE.

However, these earlier studies have quantified brain dy-
namics on the level of edges in the network (i.e., region-to-
region connectivity). In contrast, the current study uncovers
increased functional volatility on the level of individual voxels
(i.e., the nodes in the network). Specifically, the current method
of EC mapping allows voxelwise analysis of BOLD dynamics
and quantifies the relative importance of each voxel within the
whole network. This approach thus provides a more fine-
grained topological analysis and accounts for the hierarchical
nature of functional brain networks. Furthermore, our previous
studies mostly showed alterations in the connectivity dy-
namics between the hippocampus and the mPFC, as well as
within the default mode network and between frontal, visual,
and subcortical areas (17). In the current study, we show that
communication between the hippocampus and the mPFC is
also impaired in terms of synchronicity of network importance.
Our current findings thus corroborate the hypothesis that
decreased hippocampal connectivity in general, and
desynchronization of centrality dynamics between the hippo-
campus and the mPFC in particular, seems to be a key func-
tional imaging correlate of cognitive deficits in NMDARE.
However, our current study also revealed substantially more
widespread increases in EC volatility in frontal, temporal, and
parietal regions than previous studies. This suggests that
NMDARE may affect a much wider range of functional brain
systems than previously assumed.

Static EC group differences were observed in only 1 brain
region, i.e., the left intracalcarine area. Alterations in this region
were previously found in patients with optic neuritis but have
not been associated with NMDARE so far (34). However, such
visual network alterations could be associated with the subtle
visual dysfunction reported in NMDARE (35). Indeed, a previ-
ous study observed decreased visual network connectivity to
be associated with increased disability in NMDARE (6).

Following the established methodology, we focused on EC
mapping in cortical gray matter. However, recently published
studies show that BOLD signal from white matter can also be
analyzed in terms of functional networks (36). Because there is
a substantial body of research showing white matter changes
in NMDARE, future studies could investigate EC in functional
white matter networks in this disease (5,37,38).

EC mapping holds significant promise for extending our
understanding of not only NMDARE, but also other neurolog-
ical diseases characterized by network disruptions. For
example, increased static centrality of the default mode
network is associated with cognitive deficits in patients with
ging November 2024; 9:1222–1229 www.sobp.org/BPCNNI 1227
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MS (21). Similar to our current study, dynamic EC analysis in
MS showed substantially more widespread changes than the
static approach, demonstrating that cognitively impaired MS
patients exhibit reduced EC dynamics in the default mode,
frontoparietal, and visual networks compared with cognitively
preserved patients (23). Furthermore, changes in EC have been
found to be associated with cognitive scores and CSF bio-
markers in Alzheimer’s disease (26), and these changes may
precede the manifestation of dementia in APOE ε4 carriers
(27). Thus, the application of EC mapping in clinical neurosci-
ence could facilitate the development of targeted interventions
and improve diagnostic accuracy across a variety of neuro-
logical conditions.

Limitations and Strengths

A limitation of our study is that patients were scanned at
different time points after the acute phase of the disease.
Future studies should investigate alterations in network cen-
trality in both the acute phase and during long-term follow up.
In addition, dynamic EC only explained a relatively small pro-
portion of the variance in verbal episodic memory, suggesting
that these cognitive deficits are best explained by an interplay
of several factors, some of which are yet unknown.

However, considering the relative rarity of NMDARE, our
study represents one of the largest cohorts to date. State-of-
the-art voxelwise analysis of network centrality provides a
powerful new and data-driven approach to investigate brain
dynamics across the entire cerebral cortex and at a fine-
grained resolution, overcoming some of the intrinsic limita-
tions of traditional static functional connectivity analyses. The
advantages of this method do not just apply to NMDARE, but
also are promising to improve our understanding of brain
function in other autoimmune encephalitides and neuropsy-
chiatric disorders.

Conclusions

Dynamic EC mapping revealed widespread and clinically
meaningful increases in the variability of functional brain
network organization in patients with NMDARE. Time-resolved
analyses uncovered widespread differences that were not
detected by static approaches, suggesting that brain dy-
namics carry an increased sensitivity to functional alterations in
NMDARE. Importantly, these alterations were associated with
deficits in verbal episodic memory, potentially representing a
functional neural correlate of cognitive dysfunction in
NMDARE.
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