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Abstract

Background and Objectives

Cognitive deficits represent a major long-term complication of anti-leucine-rich, glioma-
inactivated 1 encephalitis (LGI1-E). Although severely affecting patient outcomes, the struc-
tural brain changes underlying these deficits remain poorly understood. In this study, we
hypothesized a link between white matter (WM) networks and cognitive outcomes in LGI1-E.

Methods

In this cross-sectional study, we combined clinical assessments, comprehensive neuro-
psychological testing, diffusion tensor MRI, probabilistic WM tractography, and computational
network analysis in patients with LGI1-E referred to Charité-Universititsmedizin Berlin.
Healthy individuals were recruited as control participants and matched to patients for age and
sex with logistic regression propensity scores.

Results

Twenty-five patients with LGI1-E (mean age = 63 * 12 years, 76% male) and 25 healthy
controls were enrolled. Eighty-eight percent of patients presented persistent cognitive symptoms
at postacute follow-up (median: 12 months from onset, interquartile range: 6-23 months)—
despite treatment with immunotherapy and good overall recovery (modified Rankin Scale [mRS]
score at peak illness vs postacute: z = —4.1, p < 0.001, median mRS score at postacute visit: 1).
Neuroimaging revealed that WM networks in LGI1-E are characterized by (1) a systematic
reduction in whole-brain connectivity (t = —2.16, p = 0.036, d = —0.61), (2) a cortico-subcortical
hypoconnectivity cluster affecting both limbic and extralimbic brain systems, and (3) a “topo-
logical reorganization” marked by a bidirectional shift in the relative importance of individual
brain regions in the WM network. The extent of this WM reorganization was strongly associated
with long-term deficits of verbal memory (r = —0.56), attention (r = —0.55), and executive
functions (r = -0.60, all prpg = 0.017).

Discussion

Although traditionally viewed as a form of limbic encephalitis, our study characterizes LGI1-E
as a “network disorder” that affects the whole brain. Structural reorganization of WM networks
was linked to long-term and multidomain cognitive impairment, which was not prevented by
immunotherapy. These findings highlight the need for closer monitoring and improved
treatment strategies to mitigate long-term cognitive impairment in LGI1-E.
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Glossary

AE = autoimmune encephalitis; BC = betweenness centrality; CASE = Clinical Assessment Scale in Autoimmune Encephalitis;
DWI = diffusion-weighted imaging; FDR = false discovery rate; GM = gray matter; HC = healthy control; IQR = interquartile
range; mRS = modified Rankin Scale; MTL = medial temporal lobe; ND = node degree; ROI = region of interest; SC =
structural connectivity; SIFT2 = spherical-deconvolution informed filtering of tractograms 2; TAP = Test Battery for Attention

Performance; TDI = topology deviation index.

Introduction

Anti-leucine-rich, glioma-inactivated 1 encephalitis (LGI1-E)
represents the most common form of autoimmune enceph-
alitis (AE) in older adults." Caused by autoantibodies against
the synaptic LGI1 antigen,” LGI1-E commonly presents with
prodromal symptoms including the pathognomonic facio-
brachial dystonic seizures that can precede other manifes-
tations by weeks to months.>> Subsequently, most patients
develop a combination of memory impairment, temporal
lobe seizures, sleep disturbances, confusion, and behavioral
abnormalities”®—a clinical syndrome conceptualized as
“limbic encephalitis®” that is frequently accompanied by
T2/FLAIR hyperintensities of the medial temporal lobe
(MTL) in clinical MRL*®

More recently, however, advanced neuroimaging studies
have increasingly suggested a key role of extralimbic brain
systems in LGI1-E. Specifically, previous reports have
demonstrated a widespread disruption of extralimbic
functional networks, including the default mode, sensori-
motor, salience, and higher visual network,'*!! paralleled
by metabolic abnormalities in the basal ganglia, motor
areas, and prefrontal cortex.'>"? Similarly, microstructural
brain damage as assessed with diffusion-weighted imaging
(DWI) has been observed in both limbic and extralimbic
brain structures and correlates with poorer functional
outcomes.*'*

In parallel, clinical studies have identified cognitive deficits as
a crucial outcome of LGI1-E, showing that these deficits
(1) persist for years after peak illness,>® (2) represent a key
predictor of long-term functional disability,"> and (3) en-
compass diverse cognitive functions beyond a classical “lim-
bic” syndrome, including executive functions, language skills,
. 10,16-18
psychomotor speed, and attention.

Given this combination of limbic and extralimbic manifesta-
tions, we hypothesized that—beyond focal damage to in-
dividual regions—LGI1-E may specifically affect the brain’s
white matter (WM) network that connects limbic and
extralimbic brain systems. Therefore, we combined DWI-
based probabilistic WM tractography,"® graph-theoretical
network analyses,” clinical evaluation, and comprehensive
neuropsychological assessments to study the relationship
between WM networks and cognitive outcomes in patients
with LGI1-E.
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Methods

Study Population

We prospectively enrolled 25 patients with LGI1-E referred
to our reference center at the Department of Neurology at
Charité-Universititsmedizin Berlin, Germany, between
January 2013 and April 2022. All patients fulfilled current
diagnostic criteria*' and tested positive for anti-LGII anti-
bodies in serum and/or CSF with indirect immunofluores-
cence assays. MRI and neuropsychological testing were
performed on referral. The median time from onset to study
visit was 12 months (interquartile range [IQR], 6-23).In 6
patients, time from onset to referral was <6 months. MRI
and cognitive testing were performed on the same day, ex-
cept for 4 patients in whom MRI was conducted 2, 3,4, and 6
months after neuropsychological testing, respectively.
Clinical data were collected using standardized case report
forms. The modified Rankin Scale (mRS) and the Clinical
Assessment Scale in Autoimmune Encephalitis (CASE)*
were scored retrospectively by 2 investigators (L.M.J. and
KW.). Partial data of 16 patients have been analyzed in
previous work,'? albeit regarding other imaging modalities.
A diagnosis of depression and/or arterial hypertension at the
time of MRI was assessed retrospectively through medical
referral letters and patient reports for post hoc analysis of the
WM findings.

As a control cohort, we included 25 healthy individuals who
were matched to patients for age and sex using logistic re-
gression propensity scores and nearest-neighbor matching,
as implemented in the Matchlt package for R (version
3.02)%

Cognitive Assessment

Cognitive performance in patients with LGI1-E was assessed
with standardized neuropsychological examination. Follow-
ing previous approaches,'® test performance was quantified
with composite scores across S cognitive domains: (1)
visuospatial memory (Rey-Osterrieth Complex Figure Test;
immediate and delayed recall scores), (2) verbal episodic
memory (German edition of the Rey Auditory Verbal
Learning Test; supraspan, interference, and delayed recall
scores), (3) attention (Test Battery for Attention Perfor-
mance [TAP]; median reaction times and standard deviations
for tonic and phasic alertness, and divided visual and auditory
attention), (4) executive functions (TAP Go/NoGo median
reaction time), and (5) working memory (forward and

| March 2025 Neurology.org/NN

€200360(2)


http://neurology.org/nn

backward digit span test scores). Composites were calculated
by first z-scoring individual subscores and subsequently av-
eraging over these z-scores within a cognitive domain, where
reaction times were inverted to ensure that higher composite
scores consistently indicate better performance across all
cognitive domains. Moreover, for normative interpretation of
cognitive performance, individual test scores were converted
to percentile ranks using age-specific norms and labeled as
“below-average performance” at values <16th percentile and
“significant impairment” at <7th percentile, as detailed in the
eMethods.

MRI Preprocessing and

Connectome Construction

Brain MRI was performed at the Berlin Center for Advanced
Neuroimaging using a 3T Tim Trio scanner (Siemens,
Erlangen, Germany) with a 12-channel phased-array head
coil. Details on image acquisition parameters can be found in
the eMethods. DWI preprocessing and tractography were
performed using MRtrix3,>* FSL,”* and ANTs® as described
previously.”” In brief, we performed denoising, eddy current
correction, and motion correction for DWI sequences. To
achieve global intensity normalization, we conducted bias
field correction and DWI group normalization.

Anatomical T1-weighted scans were parcellated into 84 cor-
tical and subcortical regions of interest (ROIs) using the
Desikan-Killiany atlas (DKA)*® and segmented into WM and
gray matter (GM) using FSL-FAST.* Then, T1-weighted
scans were registered to DWI scans, and using a group average
response function for normalization, fiber orientation density
functions were obtained using single-shell, single-tissue con-
strained spherical deconvolution. Anatomically constrained
probabilistic tractography and spherical-deconvolution in-
formed filtering of tractograms 2 (SIFT2) were conducted to
create biologically accurate connectomes from 2 x 10’
streamlines,'”*”*° as recently validated in AE.>' The output
file was an 84 x 84 structural connectivity (SC) matrix, where
each cell value represents the absolute streamline count of the
respective  ROI-to-ROI connection. To achieve inter-
participant connection density normalization, each value of
the matrix was multiplied by the participant-specific fiber
density SIFT2 proportionality coefficient (p), resulting in
weighted and normalized SC matrices.

Region-to-Network Mapping

Assignment of anatomical regions to functional brain systems
was implemented with a novel mapping algorithm. This
procedure assigned each of the 84 ROIs in the DKA to one
of the 7 canonical resting-state networks from the Multi-
resolution Intrinsic Segmentation Template,>* which includes
the cerebellum, mesolimbic network, somatomotor network,
visual network, default mode network, frontoparietal/visual-
downstream network, and ventral attention network/salience
network/basal ganglia/thalamus as functional clusters. Fur-
ther details on region-to-network mapping can be found in
the eMethods.
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Network Analysis and Graph-

Theoretical Measures

White matter networks—commonly referred to as structural
“connectomes”
the Brain Connectivity Toolbox.** Tractography yielded
symmetrical connectome matrices, where the diagonal was set
to 0 to discard self-connections. Furthermore, individual
connectomes were normalized by the maximally observed
connectivity, such that connection strengths were standard-
ized to lie within [0,1] for each participant. Subsequently,
network sparsity was implemented by thresholding the con-

®__were analyzed with the custom code and

nection strength and setting all elements below the threshold
to 0, following common practice.”® Therein, we applied a set
of linearly increasing cutoff values from 0 to the 95th per-
centile by increments of S, resulting in 20 thresholded con-
nectomes of increasing sparsity for each participant. Because it
is an open question which sparsity threshold is optimal for
subsequent network analyses (and because this threshold is
arbitrary by definition), we computed the area under the curve
over all 20 thresholds, yielding a single summary measure.

At each threshold, connectomes were subjected to an analysis
of network topology for weighted and undirected graphs, in
which we estimated the node degree (ND) and betweenness
centrality (BC) for every brain region. The mathematical
formulation and conceptualization of these graph-theoretical
measures for brain networks have been described in detail
previously.”>**** In brief, ND quantifies the number of
structural links that pass through a given node, yielding a
measure of its overall “connectedness.” Note that ND values
here were symmetrical because network graphs were un-
directed, such that the connectivity between region A — re-
gion B was identical to that of region B — region A. Moreover,
BC values for weighted networks were calculated for every
brain region. This measure expresses the proportion of all
shortest paths in the network that pass through a given node,
commonly interpreted to indicate its “hubness” (that is, its
relative importance in the network), because it expresses the
propensity of the node to exert a bridging role in the
network.>**

Topology Deviation Index

To quantify changes in the whole-brain topology of structural
connectomes, we defined a topology deviation index (TDI),
which rests on recent methodological developments®® and
was computed as follows: First, a reference topology was
calculated over all healthy participants as the median BC value
for each brain region, yielding a 1 x 84 vector of reference
values for the DKA. In this study, we chose BC as the target
graph metric because it expresses topological network orga-
nization rather than connectivity alone and because group
analyses suggested widespread and bidirectional connectome
reorganization in patients with LGI1-E. Subsequently, we
related this reference distribution to the regional centrality
values of individual participants. Topological deviation was
then calculated as TDI = 1 — p, i.e., the nonparametric cor-
relation distance between the reference centrality values and
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the individual centrality values, where p, refers to the
Spearman rank correlation coefficient. In this study, we
chose rank-based over product-moment correlation because
the former does not assume a linear relationship between the
2 variables and is less sensitive to outliers. The TDI thus
resolves to 0 if an individual brain topology perfectly adheres
to the reference topology in rank space and gradually in-
creases to >0, the more the individual values deviate from
this reference. Note that this approach thus captures topo-
logical network changes across all brain regions simulta-
neously, yielding a single whole-brain deviation value for
each participant.

Statistical Analysis

Univariate between-group differences were assessed as the
standardized effect size for independent-sample ¢ tests
(Cohen’s d). The ordinal mRS and CASE scores were assessed
once at peak illness and once at postacute follow-up, such that
these samples were paired and assessed with the nonparametric
signed-rank test. Continuous relationships were tested with
product-moment correlation or rank-based correlation, as in-
dicated. Differences in network topology between patients and
controls were assessed with a permutation approach. The null
hypothesis under this regime posits that there is no between-
group difference and that, consequently, there is no effect of
whether a particular participant is labeled a patient or a control.
To test this hypothesis, one then estimates the null distribution
of the statistic under question by randomly permuting the
group labels and recalculating the statistic for every permuta-
tion. The ensuing p value of this test is then given as the number
of instances in which the randomly permuted statistics surpass
the value of the empirically observed statistic, divided by the
total number of random permutations (here, n = 5,000). When
a variable was repeatedly tested against multiple other mea-
sures, we applied the Benjamini-Hochberg procedure to con-
trol the false discovery rate (FDR).>’

Standard Protocol Approvals, Registrations,
and Participant Consents

All participants gave written informed consent. Our study fol-
lowed the STROBE guidelines, was performed in accordance
with the Declaration of Helsinki, and was approved by the ethics
committee of Charité-Universititsmedizin Berlin (EA4/011/19).

Data Availability
Data and analysis code to reproduce the findings of this
study will be made available on the Open Science Framework

(osfio/uf29k/).

Results

Patient Characteristics

The study population included 25 patients with LGI1-E (6
women; mean age: 63 * 12 years) and 25 healthy controls
(HCs) (10 women; mean age: 59 + 11 years) matched for age
(t=1.38,p=0.175) and sex (x* = 0.83, p = 0.363). All patients
had received first-line immunotherapy (IV steroids, plasma
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exchange, IV immunoglobulins), and 68% underwent second-
line immunotherapy (rituximab, azathioprine). Further clini-
cal characteristics are summarized in Table 1.

Clinical and Cognitive Outcomes

First, we sought to characterize the clinical outcomes in our
study cohort from peak illness to the postacute study visits at
which the MRI recordings were acquired. Therefore, we an-
alyzed clinical scores on the mRS and the more disease-
specific CASE, as presented in Figure 1. Patients showed a
reduction in mRS scores from peak to postacute follow-up
(Figure 1A; z = —4.1, p < 0.001, n = 25), with 88% of patients
presenting a postacute mRS score <2, commonly regarded as
a “good” functional outcome.*® Similarly, the CASE sum
score across all clinical subdomains decreased markedly from
peak to postacute follow-up (Figure 1B; z=-3.9, p < 0.001, n
= 25). However, patient outcomes varied strongly across the
CASE subdomains (Figure 1C, left), with memory dysfunc-
tion being the most prevalently affected domain at peak illness
(96% of patients affected), followed by seizures (92%) and
psychiatric symptoms (56%). It is important to note that only
12% of patients showed complete absence of memory
symptoms at postacute follow-up while this was 48% for
seizures and 64% for psychiatric symptoms (Figure 1C, right).
Patients thus presented long-term cognitive symptoms de-
spite good overall outcomes on standard clinical assessment
scales.

To characterize the distribution of these symptoms across
cognitive domains, we conducted a normative interpretation
of the postacute neuropsychological scores, as summarized
in Table 2. Using predefined cutoft values, we observed that
24 of 24 patients showed below-average performance in at
least one cognitive test and 22 (92%) of 24 patients further
showed significant impairment in at least one domain. Al-
though all cognitive domains were affected, the highest im-
pairment rates were observed for verbal episodic memory
and attention.

SC Analysis

Regarding the tractography results, we first assessed whether
patients with LGI1-E exhibit systematic differences in SC, as
presented in Figure 2. To this end, we extracted the total
number of estimated WM tracts for each participant to com-
pare region-to-region SC (Figure 2A) and whole-brain SC
(Figure 2B) between patients and HCs. Patients pre-
dominantly presented reduced SC among individual GM re-
gions (Figure 2A) and showed lower whole-brain SC
compared with HCs (Figure 2B; t = -2.16, p = 0.036,
d = -0.61).

To assess the spatial distribution of these SC reductions, we
subsequently thresholded the network-wide differences to p <
0.001 and observed the strongest effects in a spatial cluster of
deep GM structures and neocortical areas (Figure 2C). Spe-
cifically, these connectivity reductions clustered in the hip-
pocampus, caudate, accumbens, and thalamus and a variety of
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Table 1 Clinical Characteristics of the Patient Sample

Patients, no. (%)

Characteristic LGI1-E (n = 25)
Symptoms during the acute disease stage
Memory impairment 24/25 (96)
Psychiatric symptoms 14/25 (56)
Sleep disturbance 8/22 (36)
FBDS 12/25 (48)
Other seizures (including autonomic seizures) 16/25 (64)
SIADH/hyponatremia 13/25 (52)
Diagnostics
MRI
Any MRI abnormality® 19/24 (79)
Hippocampal T2/FLAIR hyperintensity/edema (bilaterally) 6/24 (25)
Hippocampal T2/FLAIR hyperintensity/edema (unilaterally) 5/24 (21)
Basal ganglia T2/FLAIR hyperintensity/edema 1/24 (4)
EEG abnormalities® 14/22 (64)
Comorbidity at MRI
Diagnosed with depression 5/20 (25)
Diagnosed with arterial hypertension 7/19 (37)
Malignant disease 0/23 (0)
Treatment
Days from onset to treatment, median (IQR) 48 (11-133)
Steroids (IV) 25/25 (100)
Plasma exchange 16/25 (64)
Intravenous immunoglobulins (1VIGs) 9/25 (36)
Rituximab 15/25 (60)
Azathioprine 5/25 (20)
Antipsychotic or antidepressant medication 3/25(12)
Antiseizure medication 20/25 (80)
Months from onset to MRI, median (IQR) 12 (6-23)
Outcome
mRS score at peak (median, range) 3(2-4)
mRS score at MRI (median, range) 1(0-3)
CASE score at peak (median, range) 4 (2-8)
CASE score at MRI (median, range) 2 (0-5)
Relapse 7/19 (37)
Fatal outcome 0/25 (0)

Abbreviations: CASE = Clinical Assessment Scale for Autoimmune Encepha-
litis; FBDS = faciobrachial dystonic seizures; FLAIR = fluid-attenuated inversion
recovery; IVIGs = IV immunoglobulins; IQR = interquartile range; MTL = medial
temporal lobe; mRS = modified Rankin Scale; SIADH = syndrome of in-
appropriate antidiuretic hormone secretion; WM = white matter.

?Includes MTL T2/FLAIR hyperintensity and edema, unilateral or bilateral
hippocampal T2/FLAIR hyperintensity with or without gadolinium enhance-
ment, global atrophy, MTL atrophy, WM lesions, and leukoencephalopathy.

® Includes diffuse slow activity, focal slow activity, and epileptic activity.
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neocortical areas, most notably the caudal anterior cingulate,
lateral occipital gyrus, the precentral and postcentral gyri, and
the inferior parietal and superior frontal gyri (Figure 2D, left).
Using a novel region-to-network mapping procedure (see
Methods), we identified that these connectivity reductions
clustered in the mesolimbic network—in line with the tradi-
tional conception of LGI1-E as a form of “limbic”
encephalitis7—but additionally affected a wide range of
extralimbic brain systems including attentional/salience,
motor, visual, and default mode areas (Figure 2D, right).

Further supporting these findings, graph analysis of WM net-
works showed that LGI1-E is characterized by systematic de-
creases in ND—a measure that quantifies the overall
connectedness of individual brain regions (see Methods). Here
again, we found ND to be most strongly decreased in the hip-
pocampus (left: d = ~1.16, pperm < 0.001; right: d = —1.01, pperm <
0.001), but reductions were also observed across multiple sub-
cortical and neocortical areas (Figure 2E, left). As for raw con-
nectivity estimates, network mapping revealed widespread
extralimbic ND reductions, most notably including default mode,
frontoparietal, and attentional/salience areas (Figure 2E, right).

Network Topology Analysis

Next, we studied how LGI1-E affects the topological organi-
zation of WM networks beyond connectivity reductions. To
this end, we applied a graph-theoretical framework and esti-
mated the normalized BC for each GM region. In brief, BC
measures the relative importance of a node in the network by
quantifying the number of all shortest paths in the network
that pass through it. In consequence, a brain region shows
high BC if it lies on many shortest paths connecting other
brain regions and thus exerts a “bridging role” in the net-
work.”® Notably, comparing BC values between patients with
LGI1-E and HCs revealed that patients exhibit bidirectional
changes in network centrality: Figure 3A shows that BC was
increased in patients in the amygdala bilaterally (left: d = 0.61,
Pperm = 0.016; right: d = 0.72, pperm = 0.006) and across
various neocortical regions (strongest effects: left inferior
parietal cortex: d = 0.63, pperm = 0.010; left parahippocampal
gyrus: d = 0.61, pperm = 0.014). These BC increases clustered
in multiple brain areas beyond the limbic system, most
prominently the frontoparietal network (Figure 3A, right).

Simultaneously, however, patients with LGI1-E also showed
decreased BC across several other brain regions (Figure 3B).
These centrality reductions clustered in deep GM areas and
were strongest in the hippocampus (right: d = -0.96,
Pperm < 0.001; left: d = —0.84, ppeem = 0.002), the right
caudate nucleus (d = -0.71, Pperm = 0.006), and the left
thalamus (d = -0.78, pyerm = 0.005). Here again, extralimbic
brain systems were strongly affected, most notably subcortical
and attentional/salience areas (Figure 3B, right).

In sum, patients with LGI1-E show a “topological reorganization”
of WM networks, characterized by a bidirectional shift in the
relative importance of individual brain regions in the network.
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Figure 1 Patients With Anti-LGI1 Encephalitis Show Long-Term Cognitive Symptoms Despite Good Overall Recovery on
Standard Clinical Assessment Scales
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(A) Patient outcomes on the modified
Rankin Scale (mRS) from peak illness to
the postacute phase. MRI recordings
underlying the imaging analyses were
obtained at postacute follow-up. Peak
Vs postacute scores were compared
with the Wilcoxon signed-rank test. (B)
Patient outcomes on the Clinical As-
sessment Scale in Autoimmune En-
cephalitis (CASE). The CASE sum score
is given by the sum over 9 clinical
subdomains, each scored with [0-3].
(C) Patient outcomes across CASE
subdomains. The polar plot shows the
percentage of affected patients at peak
illness and postacute follow-up. The
bar plots relate patient outcomes
across the 3 most prevalent clinical
subdomains: memory dysfunction,
seizures, and psychiatric symptoms.

WM Reorganization and Cognitive Outcomes

Given these neuroimaging findings, we finally focused on
cognitive outcomes specifically and asked how the re-
organization of WM networks relates to postacute cognitive
performance in LGII-E. To this end, we first computed a
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reference topology over all HC participants as the median BC
for every brain region (Figure 4A). We then derived the novel
TDI as the nonparametric correlation distance between this
reference distribution in HCs and the corresponding cen-
trality values of each individual participant (see Methods).
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Table 2 Cognitive Performance of Patients With LGI1-E at Postacute Visit

Raw score (mean + SD)

No. of patients below
average of reference

No. of patients with
significant impairment

Visuospatial memory

ROCF: immediate recall 17.5+8.0 4/21 (19%) 3/21 (14%)

ROCF: delayed recall 16.4£10.0 4/15 (27%) 4/15 (27%)
Verbal episodic memory

RAVLT: supraspan 52+1.6 9/22 (41%) 4/22 (18%)

RAVLT: interference 43+23 12/22 (55%) 7122 (32%)

RAVLT: delayed recall 6.3+45 13/22 (59%) 13/22 (59%)
Attention

TAP: alertness tonic 309.2+71.6 15/22 (68%) 7122 (32%)

TAP: alertness phasic 302.6 +72.1 15/21 (71%) 8/21 (38%)

TAP: divided attention visual 863.5+141.0 3/20 (15%) 2/20 (10%)

TAP: divided attention auditory 590.8 £ 110.2 8/19 (42%) 3/19 (16%)
Executive functions

Go/NoGo 600.5 + 93.4 6/17 (35%) 2/17 (12%)
Working memory

Digit span forward 7.0+2.0 6/24 (25%) 4/24 (17%)

Digit span backward 6.0+27 10/24 (42%) 5/24 (21%)

Abbreviations: No. = number; RAVLT = Rey Auditory Verbal Learning Test; ROCF = Rey-Osterrieth Complex Figure; TAP = Test Battery for Attention
Performance.

Raw scores for attention and executive functions correspond to reaction times. Interpretation of test scores was based on patients’ individual percentile ranks
in comparison with age-specific norm values (see eMethods). Note that all patients with significant impairments (defined as scores <7th percentile of the
norm, equivalent to = -1.5 SD) also fulfilled the more liberal below-average criterion (defined as scores <16th percentile, equivalent to = -1 SD). Therefore, all

patients in the right column are also included in the middle column.

Figure 4B illustrates this approach for one participant whose
individual brain topology closely adheres to the reference (left
panel; low TDI; a control participant) and another one whose
topology deviates strongly from the reference (right panel;
high TDJ; a patient with LGI1-E).

We then tested the difference in TDI values between HCs and
patients with LGI1-E. Therein, we hypothesized that the HC
group should show lower TDI values because (1) each
healthy individual formed part of the group on which the
reference was defined and (2) patients showed bidirectional
alterations of BC in between-group testing. As expected, pa-
tients exhibited higher TDI values than HCs, with medium-
to-large effect size (t = 2.66, p = 0.011, d = 0.75; Figure 4C).
Subsequently, we related the TDI values of individual patients
to their cognitive outcome scores in the domains of working
memory, visuospatial memory, verbal episodic memory, ex-
ecutive function, and attention. While we observed no re-
lationship between TDI and working memory (r = —0.06, 95%
CI = [-0.45, 0.35], p = 0.78, n = 24, prpr = 0.98) or visuo-
spatial memory (r = 0.004, CI = [-0.43 to 0.44], p = 0.98,
n =21, prpr = 0.98), higher topological deviation in patients
was associated with reduced cognitive performance in the
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domains of verbal episodic memory (r = —0.56, CI=[-0.79 to
-0.18], p = 0.007, n = 22, prpg = 0.017), attention (r = -0.55,
CI = [-0.79 to -0.16], p = 0.008, n = 22, prpr = 0.017), and
executive functions (r = -0.60, CI = [-0.84 to -0.17], p=
0.010, n = 17, prpr = 0.017; Figure 4D).

Finally, exploratory follow-up analyses indicated that TDI
values of patients were not significantly related to depression
(t=-0.11,p = 0.91), arterial hypertension (t = 0.38,p = 0.71),
or an interaction between them (t = —0.63, p = 0.54) at the
time of MRI. Furthermore, there was no significant relation-
ship between TDI and the time from disease onset (p = —0.18,
p = 0.39). Moreover, patients who had received second-line
immunotherapy did not differ from those with first-line
therapy only—neither regarding TDI values (t = 0.53,
p = 0.60) nor cognitive composite scores (all p > 0.05).

Discussion

This cross-sectional study combines diffusion-weighted neu-
roimaging, probabilistic tractography, computational meth-
ods, clinical evaluation, and neuropsychological assessments
to characterize the relationship between WM networks and
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Figure 2 White Matter Networks in Anti-LGI1 Encephalitis Are Characterized by Widespread Reductions in Structural
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(A) Differences in structural connectivity strength between patients with anti-LGI1 encephalitis (LGI1-E) and healthy control (HC) participants across all 84
brain regions. The color bar represents the network-wide effect sizes of between-group comparisons (Cohen'’s d, n = 25 participants each). (B) Patients with
LGI1-E show a reduction in whole-brain WM connectivity strength compared with HCs. (C) Network representation of region-wise connectivity differences
from panel (A) in brain space. Group differences are thresholded to p < 0.001, at which only negative effects remain (i.e., reduced connectivity in LGI1-E).
Nodes represent GM regions, and edges represent reduced SC of WM tracts between them. (D) Distribution of the connectivity reductions from panel (C) over
anatomical structures (left) and functional network assignments (right). Anatomical labels correspond to the Desikan-Killiany atlas. For neocortical areas, gyri
are abbreviated as follows: CACG = caudal anterior cingulate; IPG = inferior parietal; LOG = lateral occipital; postCG = postcentral; preCG = precentral; SFG =
superior frontal gyrus. Cortical regions with only one entry are omitted for visibility and correspond to the following areas: superior temporal, middle
temporal, inferior temporal, rostral anterior cingulate, paracentral, superior parietal, rostral middle frontal, caudal middle frontal, and frontal pole. Func-
tional assignments rest on a novel region-to-network mapping procedure (see Methods). (E) Brain areas exhibiting decreased node degree (ND) in patients
with LGI1-E. The color scale maps the effect size of the comparison with HCs given by Cohen’s d (LGI1-E vs HC, n = 25 each; threshold: permuted p < 0.05). The
right subpanel visualizes the distribution of brain areas with lower ND over functional systems. DMN = default mode network; FP/VIS = frontoparietal
network/visual downstream; GM = gray matter; Limbic = mesolimbic network; Motor = somatomotor network; SC = structural connectivity; vATT/SAL/BG/
THAL = ventral attention network/salience network/basal ganglia/thalamus; Visual = visual network; WM = white matter.
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Figure 3 Patients With Anti-LGI1 Encephalitis Exhibit a Topological Reorganization of White Matter Networks

Patients with LGI1-E exhibit bidirectional alterations of betweenness centrality (BC)
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(A) Brain areas exhibiting increased betweenness centrality (BC) in patients with anti-LGI1 encephalitis (LGI1-E). The color scale maps the effect size of the
comparison with healthy control (HC) participants, given by Cohen’s d (LGI1-E vs HC, n = 25 each; threshold: permuted p < 0.05). BC increases primarily affect
cortical areas and the amygdala bilaterally. The right panel visualizes the distribution of BC increases over functional systems. (B) Brain areas exhibiting
decreased BCin patients with LGI1-E. BC decreases primarily affect the basal ganglia, the thalamus, and the hippocampus bilaterally. The color scale maps the
effect size of the between-group comparison, and the right panel visualizes the network distribution of BC decreases. Functional assignments rest on region-
to-network mapping (see Methods). DMN = default mode network; FP/VIS = frontoparietal network/visual downstream; Limbic = mesolimbic network; Motor
= somatomotor network; VATT/SAL/BG/THAL = ventral attention network/salience network/basal ganglia/thalamus; Visual = visual network.

cognitive outcomes in patients with LGI1-E. Specifically, we
show that (1) LGI1-E is characterized by SC reductions that
cluster in limbic areas—as expected—but additionally affect
an unexpectedly wide range of extralimbic brain systems, (2)
WM networks in LGII-E undergo a “topological re-
organization” marked by a bidirectional shift in the relative
importance of individual brain regions in the network, (3)
patients with LGI1-E show persistent cognitive deficits de-
spite immunotherapy and good overall clinical recovery, (4)
these deficits affect multiple cognitive domains beyond
memory dysfunction, and (S) this multidomain cognitive
impairment is strongly linked to the structural reorganization
of WM networks in the postacute disease stage. Collectively,
these findings advance our understanding of LGI1-E along
three principal directions.

First, it has become increasingly clear that cognitive deficits
represent a key clinical outcome of LGI1-E.%%'3163839 gpe.
cifically, recent evidence suggests that cognitive impairment in
LGII-E is not limited to memory deficits,® which are frequently
observed in limbic encephalitis due to affliction of the MTL.
Instead, patients with LGI1-E commonly show multidomain
deficits beyond memory impairmvant,lé_18 involving executive
functions, language skills, psychomotor speed, and attentional

Neurology.org/NN
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capacities—cognitive domains not classically attributed to the
limbic system. Our study clearly strengthens this view by
showing that WM changes are not only linked to reduced
performance in the domain of verbal memory but also relate to
persistent deficits in executive functions and attention.

Furthermore, there is accumulating evidence that cognitive
deficits in LGI1-E persist well into the postacute disease
phase. Although up to 80% of patients show fast responses to
immunotherapy regarding seizures, cognitive recovery is
much more protracted, with most patients reporting residual
cognitive deficits after >2 years. It is important to note that
even with immunotherapy, only approximately 35% of pa-
tients with LGI1-E return to their baseline cognitive function,
and at least 20% of patients require assistance in daily living
because of persistent cognitive deficits.** Strikingly, although
all our patients had received immunotherapy at peak illness,
we found that cognitive symptoms strongly persisted into the
postacute phase—in spite of good overall improvement on
the mRS and the more disease-specific CASE score.”> These
findings converge well with recent related reports on long-
term outcomes in LGI1-E, which similarly observed sub-
stantial residual symptoms across cognition and fatigue.'>>®
As such, although patients may show good recovery regarding
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Figure 4 The Extent of White Matter Reorganization Is Associated With Multidomain Cognitive Impairment in Patients With
Anti-LGI1 Encephalitis
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(A) Reference distribution of betweenness centrality (BC), computed as the median BC value across all 25 healthy control (HC) participants for every brain
region. (B) lllustration of the topology deviation index (TDI), computed as the nonparametric correlation distance between the BC distribution of an individual
participant (y-axis) and the reference distribution from panel (A) (x-axis). The left plot illustrates a control participant with low topological deviation and the
right plot a patient with high deviation. (C) Patients with anti-LGI1 encephalitis show higher TDI scores than HCs (t test, n = 25 each group, d: effect size). (D)
Higher TDI scores in patients are associated with impaired cognitive performance across multiple cognitive domains (all pspr < 0.02).

mRS or CASE scores, it has been argued that these im-
provements are not “good enough,”41 given that at least two-
thirds of patients suffer from residual deficits of cognition,
mood, or fatigue and only approximately 15% are able to
return to work."*® Notably, these return rates in LGI1-E are
substantially lower compared with anti-NMDA receptor en-
cephalitis, in which 65%-70% of patients return to work or
school,*” highlighting disease-specific differences in long-term
outcomes. Not least, recent evidence also shows that residual
cognitive dysfunction after the initial episode of LGI1-E is
associated with an increased risk of relapse, which occurs in
15%-25% of patients.43

In consequence, a crucial open question is how these residual
cognitive deficits in LGI1-E relate to long-term changes in
brain structure. Our study identifies such a link by showing
that cognitive performance in the postacute stage is more
impaired in patients whose brains exhibit a higher degree of
structural reorganization. Notably, this relationship was not
confined to focal brain regions but rather features many si-
multaneous changes across the global WM network.

Neurology: Neuroimmunology & Neuroinflammation
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A second open question concerns the spatial pattern of brain
damage in LGI1-E. In line with previous studies,*** we ob-
served strong alterations in limbic brain structures, and spe-
cifically the hippocampus, which showed a clear reduction in
raw WM connectivity, ND (a graph measure of overall con-
nectedness), and BC (a measure of relative importance in the
network). Crucially, however, our novel region-to-network
mapping procedure revealed that LGI1-E additionally in-
volves widespread alterations of extralimbic brain systems,
including not only the basal ganglia, amygdalae, and thalamus
but also higher order cognitive systems such as the default
mode network and salience areas. Although LGI1-E is tradi-
tionally conceptualized as a form of “limbic” encephalitis,”
these findings suggest that it should rather be understood as a
global “network disorder”—a view that may help reconcile
diverse previous findings on clinical course and neuroimaging
changes: specifically, our findings align remarkably well with
the widespread disruption of functional brain networks in
LGI1-E," suggesting that these changes in brain activity are a
direct expression of alterations in the WM tracts connecting
spatially distant GM regions. Similarly, a recent study has
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suggested that memory impairment in AE may not be entirely
explained by hippocampal dysfunction alone but rather by
wider network alterations involving the cingulate, thalamus,
precuneus, prefrontal cortex, and posteromedial cortex.” Be-
cause abnormalities in clinical MRI are typically strongest in the
MTL,>® where LGI1 expression clusters,*® it has been hy-
pothesized that such a disruption across the wider network may
develop secondary to focal hippocampal damage and may not
be directly caused by autoantibody-mediated mechanisms.""

In this context, a network view of LGI1-E also aligns well with
the temporal dynamics of clinical manifestation, which typi-
cally involves a primary, often seizure-dominant symptom
complex at onset and subsequently progresses to include
additional features such as psychiatric symptoms and cogni-
tive deficits with a latency of weeks to months.*” In conse-
quence, the long-term alterations of WM networks observed
here suggest that LGI1-E may primarily cause focal brain
damage initially and only subsequently affect other regions
through their structural connections to this initial target—a
process compatible with the mechanistic idea of “con-
nectomal diaschisis”*® that could explain both the latency and
persistence of cognitive deficits.

Third, the high prevalence of residual symptoms despite im-
munotherapy has prompted the argument that LGI1-E and
other forms of AE should be viewed as only partially
immunotherapy-responsive conditions for which significant
advances in clinical management are necessary to improve
long-term outcomes.' Consequently, objective markers that
guide postacute treatment are urgently needed because cog-
nitive deficits are a key contributor to long-term disability,&ls’16
and every fifth patient with LGI1-E lives in dependency.*” Our
study presents the TDI as a novel neuroimaging marker that
was highly sensitive to cognitive impairment in the postacute
disease stage and represents a promising new outcome measure
for prospective clinical trials. Furthermore, our approach ex-
plicitly captures patient-specific patterns of brain alterations
because the TDI is agnostic to which particular regions show
the strongest deviations from the reference group,®® yielding a
highly personalized outcome marker. Not least, this compari-
son of individual MRI scans with a healthy reference population
represents the first step toward a normative neuroimaging
framework—similar to diagnostic laboratory tests in which the
patient’s score is compared with a reference range—and may
thus serve as a biomarker to monitor disease course and
treatment response.

Limitations of our study include the cross-sectional design,
which precludes inferences about the onset of WM re-
organization in LGI1-E and whether it is reversible. In this
context, our study clearly shows that neither these network
changes nor the associated cognitive deficits were prevented
by the applied immunotherapy. Therefore, our results call for
future trials to evaluate whether patients benefit from closer
postacute monitoring and whether more aggressive or sus-
tained immunotherapy is able to modify this long-term
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disease course. Similarly, patients in our study were included
ad hoc on referral to our reference center, resulting in variable
intervals since the acute disease phase. While we did not
observe a significant association between WM changes and
time since disease onset, future longitudinal studies are
needed to describe the temporal trajectories of WM re-
organization in LGI1-E systematically.

Moreover, the role of comorbidities regarding WM changes
warrants further study. While we did not observe an effect of
depression or arterial hypertension on WM reorganization
here, diagnostic data on these factors were binary and
extracted retrospectively. Therefore, future studies are
needed to characterize comorbidities prospectively, in-
cluding a more comprehensive account of cardiovascular risk
profiles. Furthermore, while the normative neuroimaging
approach developed here proved highly sensitive in our
sample, the healthy reference population was rather small.
Consequently, future work in larger samples is needed to
characterize the interindividual variability of WM networks in
healthy participants and to derive age-specific and sex-specific
normative values.

Finally, while it is now clear that cognitive deficits represent a
key outcome of LGII-E, cognitive impairment shows a
complex interrelationship with fatigue, which has recently
been shown to affect patient-reported quality of life in the
postacute stage.*® Therefore, a natural next step will be to
assess how WM reorganization relates to persistent fatigue.

In conclusion, although LGII-E is traditionally viewed as a
form of “limbic” encephalitis, our study characterizes it as a
global “network disorder” that affects both limbic and extra-
limbic brain systems. Moreover, we find that a reorganization
of WM networks is linked to persistent and multidomain
cognitive impairment in the postacute disease stage—despite
immunotherapy and good overall recovery. These findings
highlight the need for better monitoring and improved
treatment strategies to mitigate long-term cognitive impair-
ment and propose a sensitive new neuroimaging marker for
future clinical trials.
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