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AbsTrACT
Objective hippocampal inflammation in anti-LGI1 
encephalitis causes memory deficits, seizures and 
behavioural abnormalities. Recent findings suggest that 
extralimbic brain areas are additionally affected and that 
patients also suffer from non-limbic cognitive symptoms. 
Moreover, up to 60% of patients show no structural MRI 
abnormalities in the acute disease stage. We therefore 
investigated whether functional connectivity analyses 
can identify brain network changes underlying disease-
related symptoms.
Methods We studied 27 patients and a matched 
healthy control group using structural and functional 
MRI. Intrinsic functional networks were analysed using 
Independent component analysis and Dual Regression. 
cognitive testing covered working memory, episodic 
memory, attention and executive function.
results Our analysis revealed functional connectivity 
alterations in several large-scale networks, including 
the default mode network (DMN) which showed 
an aberrant structure-function relationship with the 
damaged hippocampus. In addition, connectivity in 
the sensorimotor, salience and higher visual networks 
was impaired independent of hippocampal damage. 
Increased connectivity in ventral and dorsal DMN regions 
significantly correlated with better memory performance. 
In contrast, stronger connectivity of the insula with 
the salience network and DMN was linked to impaired 
memory function.
Conclusions anti-LGI1 encephalitis is associated 
with a characteristic pattern of widespread functional 
network alterations. Increased DMN connectivity seems 
to represent a compensatory mechanism for memory 
impairment induced by hippocampal damage. Network 
analyses may provide a key to the understanding of 
clinical symptoms in autoimmune encephalitis and reveal 
changes of brain function beyond apparent structural 
damage.

INTrOduCTION
Limbic encephalitis with neuronal autoantibodies 
targeting the leucine-rich glioma-inactivated 1 
(LGI1) protein affects one of the brain’s major 
hubs for higher-order cognition: the hippocampus. 
Patients consequently suffer from pronounced 
memory deficits, seizures and neuropsychiatric 
abnormalities.1–3 While the term limbic encephalitis 

suggests a pathology limited to limbic brain struc-
tures such as the hippocampus and amygdala, 
recent clinical and imaging findings indicate an 
involvement of a wider network of brain areas.4–7

In anti-LGI1 encephalitis, faciobrachial dystonic 
seizures (FBDS) frequently precede the onset of 
limbic encephalitis.8–10 Imaging analyses during 
this early disease stage revealed alterations of 
basal ganglia metabolism using FDG-PET6 11 and 
transient T1 and T2 basal ganglia hyperintensities 
contralateral to the side of FBDS.6 Another recent 
study linked hypermetabolism of the primary motor 
cortex and frontal cortex EEG changes to contralat-
eral FBDS.5

During the limbic encephalitis stage of the 
disease, hippocampal T2/FLAIR hyperintense 
signal alterations are observed in most patients 
and frequently evolve into permanent hippo-
campal atrophy with persistent cognitive dysfunc-
tion.4 9 12 13 These imaging findings correspond to 
the predominant expression of LGI1 in the hippo-
campus2 14 and underpin hippocampal vulnera-
bility in anti-LGI1 encephalitis. However, previous 
studies reported a range of 20%–60% of patients 
without structural MRI abnormalities in this disease 
stage despite an impaired memory function,4 5 11 15 
and whole brain analyses of grey and white matter 
integrity revealed no extrahippocampal damage in 
patients with anti-LGI1 encephalitis.4 In contrast, 
recent FDG-PET studies provide first evidence for 
altered metabolism in the prefrontal cortex, ante-
rior cingulate, parietal cortex and cerebellum.5 16 
In addition, the majority of patients present with 
extralimbic (non-memory) cognitive impairments, 
such as deficits of attention and executive dysfunc-
tion. Together, these findings illustrate the currently 
insufficient understanding of the relationship 
between affected brain regions and clinical symp-
toms in anti-LGI1 encephalitis.

Given these findings, we hypothesised that 
patients with anti-LGI1 encephalitis suffer from 
disruptions of large-scale functional networks, 
induced either by hippocampal damage or by 
more widespread antibody-mediated LGI1 
dysfunction, thereby contributing to extralimbic 
clinical manifestations. We therefore used resting 
state functional MRI and Independent Compo-
nent Analysis (ICA) to study the relationship of 
intrinsic connectivity alterations and cognitive 
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symptoms. This data-driven analysis allows the identifica-
tion of functional networks, that is, consistently detectable 
ensembles of distributed brain regions whose spontaneous 
activation patterns exhibit a high degree of temporal correla-
tion.17 These functional networks link to higher-order infor-
mation processing to predict and respond to environmental 
demands.18 For this reason, they are of major interest in the 
study of neurological and psychiatric diseases, including auto-
immune encephalitis.19 Corresponding to the clinical picture, 
we were primarily interested in resting-state networks (RSN) 
implicated in cognition and motor functions, that is, the 
default mode network (DMN), the salience network (SN), the 
frontoparietal (FPN) and the sensorimotor network.

MeThOds
Participants
Twenty-seven patients with anti-LGI1 encephalitis (9 
women/18 men; mean age 65.8 years (SD 11.4, range 38–80); 
mean of 14.8 years of formal education (SD 2.4)) were studied 
at Charité University Hospital Berlin (n=16) and the Univer-
sity Hospital Schleswig-Holstein in Kiel (n=11). Data of 
26/27 patients have been reported previously.4 Diagnosis was 
established based on the proposed criteria of characteristic 
clinical presentation, cerebrospinal fluid findings, neuroim-
aging changes and autoantibody detection.20 Disease symp-
toms during the acute stage and clinical MRI findings are 
summarised in table 1. The modified Rankin Scale (mRS) was 
used to assess symptom severity. Follow-up time was defined 
as the time span between the onset of first symptoms and 

the study MRI. Clinical and neuropsychological data as well 
as structural MRI analyses of these patients have previously 
been reported.4 At the time of study MRI, patients received 
immunosuppressive drugs (n=5), anticonvulsive medication 
(n=5) or both (n=7; see online supplementary table 1). All 
patients were seizure-free. The control group consisted of 27 
healthy individuals without history of neurological and psychi-
atric disease was similar to patients with regard to age (mean 
64.3 years (SD 12.0); p=0.66), sex and education (mean 13.4 
years (SD 12.0); p=0.07). Healthy controls were matched at 
each study site, providing the same ratio of patients to healthy 
controls at each location. All participants provided informed 
written consent. 

Neuropsychological assessment
Cognitive testing comprised (1) verbal short-term memory 
(digit span test; Wechsler Memory Scale—Revised), (2) verbal 
and non-verbal episodic memory (Rey Auditory Verbal Learning 
Test (RAVLT), Rey-Osterrieth Complex Figure Test (ROCF) & 
Boston Scoring System), (3) a test of tonic and phasic alertness 
as well as (4) executive functions (semantic fluency, Stroop test, 
computerised Go/No-Go test of the TAP battery).

Image acquisition
MRI was performed at the Berlin Center for Advanced Neuro-
imaging (BCAN) at Charité University Hospital Berlin using a 3T 
Tim Trio scanner (Siemens, Erlangen, Germany) equipped with 
a 12-channel phased array head coil. At the University Hospital 
in Kiel, MR images were acquired on a 3T Achieva scanner 
(Philips, Amsterdam, the Netherlands) with a 32-channel head 
coil. The neuroimaging protocol included structural and func-
tional scans. We acquired a resting-state functional MRI scan 
using an echoplanar imaging sequence (EPI; TR=2250/3000 
ms, TE=30 ms, 260/200 volumes, matrix size=64×64/80×80, 
37/40 axial slices aligned to the bicommissural plane, slice thick-
ness=3.4/3.5 mm, voxel size=3.4×3.4×3.4/3×3×3.5 mm³). 
For this resting-state sequence, participants were asked to lie still 
and keep their eyes closed. The acquisition time was ~10 min. 
The high-resolution T1-weighted structural scan (1×1×1 mm³) 
was collected using a magnetization-prepared rapid gradient 
echo sequence (MPRAGE; matrix size=240×240, 176 slices). 
Diffusion tensor imaging (DTI) data were acquired using a 
single-shot EPI sequence (voxel size 2×2×2 mm³, 61 slices, 64 
diffusion directions, b value=1000 s/mm²).

Functional connectivity analysis
fMRI analysis was performed using the ICA and Dual Regres-
sion approach as implemented in the fMRIB Software Library 
(FSL 5.0 https:// fsl. fmrib. ox. ac. uk/ fsl/ fslwiki). ICA is a data-
driven method that decomposes a multivariate fMRI signal into 
single components with maximally independent spatial and 
temporal patterns. Resting state scans from the two study sites 
were preprocessed independently to account for differences 
in image acquisition. All scans were brain extracted, slice time 
corrected and underwent high-pass temporal filtering with a 
cut-off of 100 s. To correct for motion artefacts and ensure 
consistent mapping between voxels of individual scans, we 
performed FSL MCFLIRT motion correction. Both absolute 
(patients, 0.39±0.19 mm vs controls, 0.43±0.29 mm, p=0.61) 
and relative head motion (0.14±0.06 mm vs 0.16±0.08 mm, 
p=0.27) were not significantly different between groups. 
Next, all images were smoothed by a Gaussian Kernel of 
6 mm full-width at half-maximum. After preprocessing, the 

Table 1 Patient characteristics

Age (mean±SD) 65.8±11.4 years

Sex 18 male, 9 female

mRS score (median (range)) 2 (0–4)

Follow-up time (mean±SD) 25.9±16.7 months

EEG abnormalities 20/27 (74%)

symptoms in acute phase

Cognitive

  Memory impairment 27/27 (100%)

  Disorientation, confusion 20/27 (74%)

Affective symptoms 7/27 (26%)

Behavioural abnormalities 7/27 (26%)

Sleep disturbance 6/27 (22%)

Seizures 26/27 (96%)

  FBDS 13/26 (50%)

  Pilomotor/autonomic 6/26 (23%)

  Complex focal 6/26 (23%)

  Generalised tonic-clonic 5/26 (19%)

MrI abnormalities Acute phase Follow-up*

Mild global atrophy 1/27 (4%) 6/27 (22%)

Periventricular white matter lesions 1/27 (4%) 1/27 (4%)

Basal ganglia hyperintensities 0 0

Hippocampal hyperintensities (T2/FLAIR)

  Unilateral 8/27 (30%) 5/27 (19%)

  Bilateral 13/27 (48%) 9/27 (33%)

Conversion to hippocampal atrophy

  Unilateral – 9/27 (33 %)

  Bilateral – 15/27 (56 %)

*Time of study MRI.
FBDS, faciobrachial dystonic seizures; mRS, modified Rankin Scale.
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functional scan was first aligned to the individual’s high resolu-
tion T1-weighted image (linear boundary-based registration), 
which was subsequently registered to the MNI152 standard 
space using nonlinear registration with 12 DOF and 10 mm 
warp resolution. FSL MELODIC V.3.1421 was used to identify 
RSNs from the control group data. The estimation of the ICs 
was restricted to control group fMRI data to create a group 
ICA template unbiased towards disease-related changes. Voxel-
wise between group comparisons were performed using dual 
regression.22 During this step, a grey matter mask derived from 
all subjects using FSL FAST23 restricted the analysis to cortical 
areas. To account for possible influences of the different MR 
scanners, ‘acquisition site’ was added as a covariate to the 
general linear model (GLM) for permutation testing using the 
FSL tool randomise.24 Correlational analyses were likewise 
modelled in the GLM and tested for associations with disease 
severity (mRS), disease duration and cognitive scores. All statis-
tical parametric maps were corrected for multiple comparisons 
using threshold-free cluster enhancement.25 The threshold was 
set to p<0.05. Images were created using MRIcron (http:// 
people. cas. sc. edu/ rorden/ mricron/ index. html) and Caret soft-
ware (http://www. nitrc. org/ projects/ caret/). We additionally 
assessed hippocampal, whole brain and total grey matter 
volume and analysed white matter tracts using DTI and grey 
matter morphology using voxel-based morphometry (VBM) as 
described previously4 to account for structural changes under-
lying functional alterations. Last, we performed an interaction 
analysis of hippocampal volume and functional connectivity 
to investigate differences in structure-function relationships 
between patients and controls.

statistical analyses
Statistical analyses were carried out using SPSS V.22.0 (SPSS). 
Cognitive results are reported with mean and standard error 

(SE). Between-group differences were analysed using indepen-
dent samples t-tests.

resulTs
Neuropsychological assessment
In comparison to healthy controls, patients were cognitively 
impaired in several neuropsychological domains (table 2). 
Patients had a significantly impaired working memory when 
compared with healthy controls (digit span test) and a substan-
tial impairment in both verbal and visual learning and episodic 
memory (RAVLT/ROCF). Executive dysfunction became evident 
as increased error rate on the Go/No-Go test and a decreased 
semantic fluency. In contrast, the patients’ response times were 
normal on the Go/No-Go test and not different from those of 
healthy controls on tests of tonic and phasic alertness.

structural MrI analyses
During the acute phase, hippocampal T2/FLAIR hyperintensities 
on routine MRI were seen in the majority of patients (21/27 
patients (77.7%); unilateral in 8/27 patients (29.6%); bilateral in 
13/27 patients (48.1%)), while in 6 patients (22.3%) no hippo-
campal abnormalities were present (table 1).

At the time of resting-state data acquisition (follow-up), 
initial hyperintensities evolved into unilateral (in 33.3%) or 
bilateral (55.6%) visually detectable hippocampal atrophy, 
while 11.1% of the patients showed no hippocampal atrophy. 
Volume measures revealed a significantly reduced right hippo-
campal volume (table 2). Furthermore, patients and controls 
did not differ on global measures of whole brain volume 
(1.223×106±0.33×106 mm³ vs 1.191×106±0.29×106 mm³, 
p=0.697) and total grey matter volume (0.567×106±0.01×106 
mm³ vs 0.591×106±0.01×106 mm³, p=0.172) at follow-up. 
VBM analysis revealed no further cortical volume change and 

Table 2 Cognitive results and hippocampal volumes

Patients Controls t P value

Memory

Working memory

  Digit span 12.63 (±0.93) 15.54 (±0.69) t(51)=−2.51 0.015*

Verbal episodic memory (RAVLT)

  Supraspan 5.38 (±0.42) 7.48 (±0.41) t(51)=−3.57 0.001**

  Sum score 39.46 (±3.01) 54.59 (±1.67) t(51)=−4.44 <0.001**

  Interference 4.67 (±0.63) 5.88 (±0.36) t(51)=−1.69 (0.102)

  Delayed recall 6.27 (±1.04) 11.78 (±0.56) t(51)=−4.72 <0.001**

Visual episodic memory (ROCF)

  Delayed recall 15.63 (±1.91) 25.86 (±1.24) t(43)=−4.35 <0.001**

Attention

  Tonic alertness (median, ms) 309.24 (±16.35) 281.58 (±11.09) t(43)=1.43 (0.16)

  Phasic alertness (median, ms) 308.23 (±19.49) 269.12 (±45.49) t(45)=1.89 (0.065)

executive function

  Go/No-Go (median, ms) 608.20 (±24.88) 583.38 (±63.65) t(37)=0.97 (0.338)

  Go/No-Go (errors) 3.00 (±1.09) 0.35 (±0.11) t(37)=2.77 0.008**

  Semantic fluency 21.35 (±6.15) 26.52 (±6.72) t(46)=−2.78 0.008**

hippocampal volume

  Left 3566 (±127) mm³ 3858 (±130) mm³ t(52)=1.60 (0.115)

  Right 3448 (±152) mm³ 4015 (±122) mm³ t(52)=2.91 0.005**

*P<0.05.
**P<0.01.
RAVLT, Rey Auditory Verbal Learning Test; ROCF, Rey Osterrieth Complex Figure Test; mean (±SE).
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there was no evidence of structural white matter damage as 
assessed using DTI.

Functional connectivity MrI analyses
Following the investigation of structural integrity, we identified 
nine canonical RSNs, including the DMN, FPN, SN, senso-
rimotor network, auditory network as well as the primary and 
higher visual networks (figure 1A–I).26 27 Aberrant functional 
connectivity was observed across several networks. We observed 
significantly increased functional connectivity in patients relative 
to controls in the dorsal and ventral DMN, the higher visual 
network and the sensorimotor network, while connectivity in 
the SN was reduced in patients (figure 2). Furthermore, connec-
tivity within the dorsal and ventral DMN and the SN correlated 
with patients’ memory performance (figure 3). No correlations 
were observed with follow-up time in any of the examined 
networks (median 25.9 months, range 1.0–118.2). These results 
are presented in more detail in the following paragraphs.

Dorsal DMN
Within the dorsal DMN, cingulate and medial prefrontal 
cortex (mPFC) connectivity was bilaterally increased in patients 
(p=0.01; figure 2A). Higher connectivity was additionally 
observed between the dorsal DMN and more remote areas in 
the left precuneus and frontal cortex. Regarding memory func-
tion, higher DMN connectivity with left temporal areas and the 
cingulate cortex correlated with better working memory perfor-
mance (digit span test, r=0.66, p=0.012; figure 3A).

Ventral DMN
Patients had significantly higher precuneus connectivity within 
the ventral DMN (p<0.001; figure 2B). Moreover, patients 
showed increased connectivity of the ventral DMN with 
distributed frontal areas, including the insula, but also inferior 
temporal and right lateral occipital regions. These connec-
tivity changes were associated with higher disease severity 
(mRS, rs=0.81, p=0.031). Correlation analyses additionally 
revealed a negative association between insular involvement and 

verbal memory performance: The higher the insular connec-
tivity with this network, the fewer words were recalled on the 
verbal learning test (RAVLT supraspan, r=−0.46, p=0.026). In 
contrast, a coactivation of left temporal areas was—as previously 
observed in the dorsal DMN—positively correlated with verbal 
memory performance (RAVLT interference, r=0.92, p=0.005, 
figure 3B).

Salience network
We observed decreased functional connectivity between the SN 
and left parietal areas in patients (p=0.029; figure 2C). A nega-
tive association was observed between cognitive performance and 
insular connectivity, that is, one of the major SN hubs. Specifi-
cally, higher connectivity of the left insula within the network 
related to worse working memory performance (digit span test, 
r=−0.72, p=0.032) and higher connectivity of the insula bilat-
erally was associated with poorer verbal learning performance 
(RAVLT sum score, r=−0.90, p=0.007) and poorer verbal 
episodic memory (RAVLT delayed recall, r=−0.88, p=0.002; 
figure 3B). A poor outcome in the memory domain was also 
related to the involvement of external DMN areas. Working 
memory performance was worse for higher connectivity 
between the SN and parietal default mode areas (digit span test, 
r=−0.72, p=0.032; figure 3A). In the same way, poor episodic 
memory performance was associated with increased SN connec-
tivity with the temporal cortex, parietal cortex and subcortical 
structures, including the hippocampus (RAVLT sum score, 
r=−0.88, p=0.007, delayed recall, p=0.002; figure 3B). Unlike 
in the DMNs, a coactivation of lateral temporal areas correlated 
with higher disease severity (mRS, rs=0.73, p=0.031).

Sensorimotor and visual networks
Additionally, patients showed a higher connectivity of the 
sensorimotor network with left cerebellum (p=0.01) and of the 
visual network with right lateral occipital cortex (p=0.01). We 
observed no association of the sensorimotor network changes 
with the duration or frequency of FBDS events. No alterations 

Figure 1 Functional networks. Resting-state networks identified using Independent component analysis included the dorsal and ventral fractions of the 
DMN (a,B), the salience network (c), the lateralised frontoparietal networks (D,e), auditory and visual networks (F,G,h) as well as a sensorimotor network 
(I). DMN, default mode network. 
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Figure 2 patients with anti-LGI1 encephalitis show aberrant functional connectivity in several large-scale networks. Five resting-state networks showed 
significant group differences between patients and controls: (a) In patients with anti-LGI1 encephalitis, functional connectivity was increased between the 
dorsal DMN and the acc/pcc, the left precuneus and the mpFc and left precentral gyrus in the frontal cortex. (B) In the ventral DMN, patients had higher 
connectivity with distributed frontal areas (insula, left superior and right inferior frontal gyrus), the inferior temporal and right lateral occipital cortex. (c) 
Decreased connectivity was observed between the salience network and two clusters in the left parietal opercular and postcentral cortex. Moreover, (D) 
patients exhibited higher connectivity in the right lateral occipital cortex within the visual network and (e) the left cerebellum within the sensorimotor 
network (p<0.05; corrected for multiple comparisons). acc/pcc, anterior/posterior cingulate cortex; DMN, default mode network; LGI1, leucine-rich glioma-
inactivated 1;  mpFc, medial prefrontal cortex. 
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were observed in the left and right frontoparietal networks, the 
auditory network and the primary visual network.

relationship between hippocampal structure and functional 
network changes
An interaction analysis revealed an aberrant structure-function 
relationship between left hippocampal volume and ventral DMN 
connectivity in patients compared with controls (p=0.029; 
figure 4). Specifically, patients showed increased connectivity in 
the retrosplenial cortex in association with smaller hippocampal 
volumes while the opposite effect was present for controls.

dIsCussION
We observed functional connectivity alterations in several major 
networks in patients with anti-LGI1 encephalitis, suggesting that 
the disease is not confined to the limbic system, but rather affects 
a wide range of brain regions and functional systems. Affected 
networks include not only the DMN, which is highly intercon-
nected with the hippocampus, but also the SN, the sensorimotor 
network and the higher visual network. Increased connectivity of 

the ventral and dorsal DMN was associated with better memory 
performance, suggesting a compensatory role of these network 
changes. The characteristic connectivity alterations in anti-LGI1 
encephalitis may expedite the correct diagnosis after implemen-
tation in future routine imaging algorithms.

The most prominent connectivity changes were observed in 
the DMN. The DMN comprises a set of brain areas that acti-
vate in the absence of an experimental task and that are related 
to self-referential processing.28 The network consists of a dorsal 
subsystem engaged in self-relevant mental simulations and a 
ventral subsystem implicated in episodic memory processing.29 30 
The hippocampus, the major disease target in anti-LGI1 enceph-
alitis,4 12 is part of the ventral DMN and also highly intercon-
nected with dorsal DMN regions. In line with this, working 
memory and episodic memory deficits constitute the major 
domains of cognitive impairment in anti-LGI1 encephalitis.4 9 
Here, we correspondingly observed connectivity alterations in 
both DMN subsystems: Patients with anti-LGI1 encephalitis 
showed significantly increased functional connectivity between 
the precuneus and other ventral DMN regions as well as between 
the mPFC/ACC and other dorsal DMN areas. Interaction analyses 
revealed a disturbed structure-function relationship in patients, 
with an inverse association between left hippocampal volume 
and ventral DMN connectivity in the retrosplenial cortex. Our 
results suggest that focal structural hippocampal damage can 
induce functional connectivity alterations that propagate to 
distant brain regions. In addition, functional connectivity alter-
ations can occur independent of hippocampal damage and might 
be the result of global LGI1 antibody-mediated effects. Indeed, 
although predominantly expressed in the CA3 and dentate gyrus 
subfields of the hippocampus, LGI1 is also found to a weaker 
extend throughout the inner layers of the cerebral cortex.14

Increased ventral and dorsal DMN connectivity was more-
over associated with significantly better memory performance. 
In the dorsal DMN, increased connectivity with the cingulate 
cortex and further areas was related to better working memory 
performance while for the ventral DMN, left temporal lobe 

Figure 3 correlations with memory performance. alterations in functional connectivity significantly correlated with memory performance in patients 
with anti-LGI1 encephalitis (p<0.05; corrected for multiple comparisons). (a) Better working memory performance was associated with higher connectivity 
between the dorsal DMN and the left middle/superior temporal and parahippocampal gyrus, the left temporal pole as well as the cingulate cortex (digit 
span test, p=0.012). Likewise, episodic memory function was better with increased connectivity between the ventral fraction of the DMN and the left 
inferior temporal gyrus and fusiform cortex (RaVLT interference, p=0.005). This points to a potential functional compensatory mechanism. (B) In contrast, 
cognitive impairment was associated with aberrant sN connectivity: higher insular connectivity and coactivation of temporal (hippocampus, middle and 
superior temporal gyrus) and parietal default mode areas (posterior cingulate cortex, precuneus, superior parietal lobule and right angular gyrus) predicted 
both impaired working memory (p=0.032) and impaired episodic memory (RaVLT sum score, p=0.007; delayed recall, p=0.002). DMN, default mode 
network; LGI1, leucine-rich glioma-inactivated 1; RaVLT, Rey auditory Verbal Learning Test; sN, salience network.

Figure 4 aberrant structural-functional relationship in anti-LGI1 
encephalitis. (a) Interaction analysis revealed an inversed relationship 
between left hippocampal volume and retrosplenial cortex connectivity in 
the ventral default mode network. (B) In anti-LGI1 encephalitis, patients 
showed a negative slope of the regression, with smaller left hippocampus 
volume relating to higher retrosplenial connectivity.
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connectivity was positively correlated with episodic memory 
performance. Such increased functional connectivity associated 
with better clinical symptoms or task performance has previously 
been established as potential functional compensatory mecha-
nism in response to structural damage,31 and has been observed 
in other neurological disorders with structural hippocampal 
damage. For example, patients with Alzheimer’s disease showed 
increased connectivity in the ventral and dorsal DMN associated 
with better cognitive performance at early disease stages that 
was lost at follow-up with cognitive deterioration.30 In patients 
with hippocampal sclerosis, increased connectivity within 
the DMN similarly related to better memory performance.32 
Thus, strengthened ventral and dorsal DMN connectivity may 
provide a compensatory mechanism for structural hippocampal 
damage in patients with anti-LGI1 encephalitis (figure 5). Inter-
estingly, these findings contrast with the connectivity changes 

in anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis, 
another autoimmune encephalitis with (less severe) hippocampal 
atrophy, in which both hippocampi were decoupled from the 
DMN, with stronger decoupling relating to worse memory 
performance.19 33 In addition to this hippocampal dysfunction, 
patients with anti-NMDAR encephalitis exhibit a characteristic 
pattern of whole-brain functional connectivity alterations—
including reduced functional connectivity in the sensorimotor 
network, the visual network and the ventral attention network—
likely reflecting the ubiquitous expression of NMDA receptors 
throughout the human brain.33 This pattern is clearly distinguish-
able from the connectivity changes in anti-LGI1 encephalitis 
and indicates that functional connectivity analyses can identify 
unique and disease-specific connectivity profiles in autoimmune 
encephalitis.

Marked connectivity changes of the insula are another main 
finding of this study. Insular activity has been related to a wide 
spectrum of functions, including autonomic control, emotion 
processing and higher-level cognition.34 Together with the dorsal 
anterior cingulate, the insula is a main hub of the SN, a func-
tional network centrally involved in detecting relevant external 
stimuli and switching between the central executive network and 
the DMN to guide behaviour.35 In the present analysis, the 
ventral DMN exhibited increased connectivity with the right 
insula. This increased connectivity was associated with impaired 
verbal episodic memory. Interestingly, the same principle applied 
to the SN: The higher the connectivity between insula and DMN 
regions, the worse patients performed on working memory 
and episodic memory tests. These results suggest that aberrant 
coupling of the insula and the SN with the DMN contributes to 
cognitive deficits in anti-LGI1 encephalitis (figure 5). In addi-
tion, around 26% of our patients experienced affective and/
or behavioural symptoms including anxiety, mood changes 
and psychosis. Aberrant SN interactions have been reported 
across various neuropsychiatric diseases, including frontotem-
poral dementia and schizophrenia.36 The observed connectivity 
changes of the insula might therefore also be linked to neuropsy-
chiatric features in LGI1 encephalitis.13 37 38 Furthermore, our 
observations extend previous reports of T2/FLAIR-hyperintense 
signal alterations in the insula in patients with anti-LGI1 enceph-
alitis.4 9 39 40 Interestingly, insular involvement was also linked to 
episodic bradycardia in three patients with anti-LGI1 encepha-
litis.41 Together, these findings suggest a role for insula dysfunc-
tion in the pathophysiology of anti-LGI1 encephalitis that is 
linked to autonomic control as well as cognitive and behavioural 
function.

The cognitive deficits in anti-LGI1 encephalitis are not 
restricted to limbic dysfunction, that is, hippocampal damage-in-
duced memory impairment. Indeed, attention, verbal fluency 
and executive functions can be equally affected.4 42 Given the 
here reported aberrant interaction between the salience and the 
DMN, network models of cognitive function may provide a key 
to the understanding of the widespread cognitive dysfunction in 
autoimmune encephalitis. The insula as key node of the SN, for 
example, monitors and detects behaviourally relevant (salient) 
events. When a salient stimulus is detected, the right insula 
mediates the switch from the internally directed DMN to the 
externally directed frontoparietal executive network (FPN) to 
facilitate access to attentional and executive processing.34 The 
FPN core regions, that is, lateral prefrontal cortex and poste-
rior parietal cortex, support attentional processes and goal-di-
rected behaviour during working memory updating, retrieval of 
episodic memories, shifting of attention and inhibiting motor 
responses.43 For neurological diseases, accumulating evidence 

Figure 5 schematic model of potential compensatory (a) and 
maladaptive (B) changes of resting-state functional connectivity in anti-
LGI1-encephalitis. DMN, default mode network.  on 11 June 2018 by guest. P
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suggests that disrupted saliency mapping contributes to cognitive 
dysfunction.36 This line of research may elucidate the increased 
error susceptibility (as seen on the Go/No-Go task) in patients 
with anti-LGI1 encephalitis and, more generally, also help to 
explain cognitive impairments in patients with normal structural 
MRI.

Interestingly, our network analysis also identified increased 
connectivity between the sensorimotor network and the cere-
bellum in patients. A recent FDG-PET analysis reported 
hypermetabolism of the sensorimotor cortex in patients with 
anti-LGI1 encephalitis that, together with contralateral frontal 
EEG changes and results from polymyographic recordings, are 
suggestive of a motor cortex origin of FBDS.5 Another FDG-PET 
study observed hypermetabolism in the precentral gyrus, basal 
ganglia and cerebellum in patients with LGI1 encephalitis with 
FBDS.16 Here, precentral hypermetabolism was associated with 
higher disease severity at follow-up, suggesting that sensorim-
otor network integrity may serve as a predictor for disease-re-
lated disability. Although the sensorimotor network was altered 
in patients, the connectivity changes observed in our study did 
not significantly correlate with FBDS frequency, likely related to 
the fact that only three patients were still experiencing FBDS at 
the time of functional imaging. Transient FBDS-related changes 
in motor areas, such as the basal ganglia T1/T2 hyperintensities 
observed in 30%–40% of patients in previous studies, responded 
well to or dissolved completely following immunotherapy.6 7 We 
therefore assume that FBDS-related motor cortex connectivity 
abnormalities are most pronounced during the FBDS stage itself. 
Taken together, functional connectivity alterations and meta-
bolic changes of the sensorimotor system constitute another 
extralimbic manifestation of LGI1 encephalitis.

The target antigen of anti-LGI1 encephalitis was only recently 
discovered.1 Due to delayed diagnosis, some of the patients did 
not receive immediate immunotherapy in the hospitals of their 
first presentation. Variable disease courses are thus a natural 
limitation of this study. In addition, we believe that future longi-
tudinal studies will help to better understand the influence of 
therapeutic strategies on structural and functional brain changes 
in anti-LGI1 encephalitis and to establish causal inferences on 
compensational or maladaptive functional connectivity.

In the present study, we observed that structural hippocampal 
damage is associated with a characteristic pattern of wide-
spread functional network alterations in anti-LGI1 encephalitis. 
Connectivity changes correlated with memory performance 
and disease severity, corroborating the clinical relevance of our 
observations and suggesting successful compensatory mech-
anisms. Our results moreover suggest that resting state func-
tional MRI and data-driven functional connectivity analyses 
might become useful clinical tools that can track disease-related 
changes in the brain and inform treatment monitoring. Finally, 
our findings offer an explanation why cognitive impairments are 
not restricted to memory dysfunction but can extend to atten-
tion and executive deficits, and they shed light on cases with 
cognitive deficits despite an unremarkable MRI.
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