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Functional and Structural Brain Changes
in Anti–N-Methyl-D-Aspartate Receptor

Encephalitis

Carsten Finke, MD,1,2 Ute A. Kopp, PhD,1 Michael Scheel, MD,3

Luisa-Maria Pech,4 Carina Soemmer,4 Jeremias Schlichting,4 Frank Leypoldt, MD,5

Alexander U. Brandt, MD,4 Jens Wuerfel, MD,4,6 Christian Probst, PhD,7

Christoph J. Ploner, MD,1 Harald Pr€uss, MD,1,8 and

Friedemann Paul, MD2,4,9,10,11

Objective: Anti–N-methyl-D-aspartate receptor (NMDAR) encephalitis is an autoimmune encephalitis with a charac-
teristic neuropsychiatric syndrome and severe and prolonged clinical courses. In contrast, standard clinical magnetic
resonance imaging (MRI) remains normal in the majority of patients. Here, we investigated structural and functional
brain changes in a cohort of patients with anti-NMDAR encephalitis.
Methods: Twenty-four patients with established diagnosis of anti-NMDAR encephalitis and age- and gender-
matched controls underwent neuropsychological testing and multimodal MRI, including T1w=T2w structural imaging,
analysis of resting state functional connectivity, analysis of white matter using diffusion tensor imaging, and analysis
of gray matter using voxel-based morphometry.
Results: Patients showed significantly reduced functional connectivity of the left and right hippocampus with the
anterior default mode network. Connectivity of both hippocampi predicted memory performance in patients. Diffu-
sion tensor imaging revealed extensive white matter changes, which were most prominent in the cingulum and which
correlated with disease severity. In contrast, no differences in T1w=T2w structural imaging and gray matter morphol-
ogy were observed between patients and controls.
Interpretation: Anti-NMDAR encephalitis is associated with characteristic alterations of functional connectivity and
widespread changes of white matter integrity despite normal findings in routine clinical MRI. These results may help
to explain the clinicoradiological paradox in anti-NMDAR encephalitis and advance the pathophysiological under-
standing of the disease. Correlation of imaging abnormalities with disease symptoms and severity suggests that
these changes play an important role in the symptomatology of anti-NMDAR encephalitis.

ANN NEUROL 2013;74:284–296

Since its first description in 2007, anti–N-methyl-

D-aspartate receptor (NMDAR) encephalitis has

gained widespread attention, and the clinical spectrum of

the disease is now increasingly understood.1–3 Patients

typically develop amnesia, behavioral changes, psychosis,

and epileptic seizures, frequently followed by a severe

stage with dyskinesias, hypoventilation, and decreased

levels of consciousness necessitating intensive care
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treatment. The majority of patients have a favorable out-

come, although many are left with persistent cognitive

deficits, including impairment of memory, attention, and

executive control.2–4 Remarkably, clinical routine brain

magnetic resonance imaging (MRI) remains normal in

the majority of patients despite severe clinical courses

with measures of patients with unremarkable MRIs vary-

ing between 50 and 77% in large reviews.3,5,6 Even

when present, observed MRI changes are subtle and

affect a wide range of brain regions in a nonspecific way.

Here, we hypothesized that multimodal MRI analyses of

gray and white matter together with functional imaging

can help to explain this clinicoradiological discrepancy.

We combined analysis of 1mm isotropic T1w and T2w

structural imaging, resting state functional connectivity,

white matter integrity, and gray matter morphology.

Resting state functional MRI (fMRI) is an emerging

functional imaging technique that analyzes spontaneous

fluctuations in the blood oxygen level-dependent

(BOLD) signal.7 Correlations of these spontaneous fluc-

tuations can be used to analyze the functional connectiv-

ity of remote brain areas in healthy and patient

populations.8 Resting state fMRI does not require spe-

cific task demands, which renders it suitable for applica-

tion in cognitively impaired patients, and can detect

functional changes in the brain, even when conventional

MRI shows no structural changes.9 White matter integ-

rity was analyzed using diffusion tensor imaging (DTI),

and contribution of demyelination and axonal damage to

white matter changes was assessed. Voxel-based mor-

phometry (VBM) was applied to examine changes in

gray matter morphology. Finally, we analyzed whether

results of these imaging analyses were associated with

performance in neuropsychological testing or disease

severity.

Subjects and Methods

Subjects
Twenty-four patients with anti-NMDAR encephalitis after the

acute stage of the disease were studied (21 females, age 5 27.9

6 1.6 years; Table 1). Neuropsychological performance of 7

patients4 and positron emission tomography (PET) imaging in

1 patient10 have previously been reported. Patients were

recruited in Germany and Austria between July 2011 and July

2012 and were referred to the outpatient clinic of the Depart-

ment of Neurology of Charit�e–Universit€atsmedizin Berlin for

further counseling and treatment. Diagnosis was established in

all patients based on characteristic clinical presentation and

detection of immunoglobulin G (IgG) NMDAR antibodies.

Two experienced neurologists independently assessed patients’

disease severity based on the modified Rankin scale (mRS).

Detection of anti-NMDAR antibodies was performed as

described previously.11 Titers during the acute encephalitic

phase and at the time of imaging are listed in Table 1. The

control group comprised 24 age- and gender-matched healthy

subjects without any history of neurological or psychiatric disor-

ders (21 females, age 5 28.0 6 1.7 years). NMDAR serum

antibodies were determined in 23 of 24 controls and were nega-

tive in all cases, which corresponds to the well-known absence

of IgG NMDAR antibodies in >1,000 healthy and disease con-

trols in previous studies.1,3,5,11–13 The study was approved by

the Charit�e–Universit€atsmedizin Berlin ethics committee. All

study participants gave informed written consent for research

and publication.

Neuropsychological Assessment
A comprehensive test battery was used, which covered verbal

and nonverbal short-term and working memory (digit span for-

ward and backward, block tapping forward and backward, both

Wechsler Memory Scale-Revised), verbal and nonverbal episodic

memory (Rey Auditory Verbal Learning Test [RAVLT] and

Rey-Osterrieth Complex Figure Test) and executive functions

(Stroop test, computerized go=no-go test, semantic fluency),

object naming (Boston Naming Test), premorbid intelligence

quotient (IQ; Mehrfachwahl-Wortschatz-Intelligenztest which is

equivalent to the National Adult Reading Test), and general

intellectual abilities (subtest 3 from the Leistungspr€ufsystem,

which is equivalent to Raven’s Progressive Matrices).

MRI Data Acquisition
A detailed description of the MRI protocol and MRI data anal-

ysis are available in the Supplementary Material. The following

sequences were acquired on a Siemens (Erlangen, Germany)

Tim Trio 3T scanner at the Berlin Center of Advanced Neuroi-

maging at Charit�e–Universit€atsmedizin Berlin: (1) 3-

dimensional (3D) 1mm isotropic magnetization prepared rapid

acquisition gradient echo, (2) echo-planar imaging sequence for

the acquisition of resting state data (acquisition time 5 �10

minutes; participants were instructed to lie still with their eyes

closed while remaining awake), (3) single-shot echo-planar

imaging sequence for the acquisition of DTI data, (4) 3D 1mm

isotropic T2-weighted sequence, and (5) 3D 1mm isotropic

T2-weighted fluid-attenuated inversion recovery (FLAIR)

sequence.

MRI Data Analysis
Details of the MRI analysis are described in the Supplementary

Material. All analyses were performed using tools from the

FMRIB (Oxford, UK) Software Library (FSL; www.fmrib.ox.a-

c.uk=fsl). Structural scans (1mm isotropic T1, T2, and FLAIR)

were reviewed by a senior neuroradiologist and compared with

results of standard clinical MRI. We refer to standard clinical

MRI as anatomical MRI (eg, T1, T2, FLAIR) investigations

performed during clinical workup with a typical slice thickness

of 3 to 5mm.

Resting State Functional Connectivity
Resting state fMRI analysis was performed using independent

component analysis (ICA) and dual regression.14 After
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preprocessing, resting state networks common to all subjects

were identified using temporal-concatenation ICA as imple-

mented in Multivariate Exploratory Linear Optimized Decom-

position into Independent Components (MELODIC, part of

FSL).15 Analysis was focused on assessing the functional con-

nectivity of the default mode network (DMN), as disruption of

the DMN has been demonstrated in various neurological and

psychiatric disorders, including Alzheimer’s disease and schizo-

phrenia, and following administration of the NMDAR antago-

nist ketamine.8,9,16 Two components that captured the anterior

and the posterior part of the DMN were selected for further

analysis. The anterior DMN (aDMN) comprised the medial

prefrontal cortex (mPFC), the anterior cingulate cortex, parts of

the posterior cingulate cortex, and parts of the medial temporal

lobes (MTLs; Fig 1). The posterior DMN comprised the pos-

terior cingulate cortex, precuneus, lateral parietal cortex, parts

of the ventral mPFC, and middle temporal gyri. Between-

subject analysis was carried out using dual regression and non-

parametric permutation testing (5,000 permutations) with

threshold-free cluster enhancement (TFCE) implemented in the

FSL randomize tool (p < 0.05, familywise error [FWE]-cor-

rected).14 Furthermore, we extracted functional connectivity

regression coefficients from functionally defined regions of

interest (ROIs) in the left and right hippocampus to run linear

correlation analyses with disease severity scores and neuropsy-

chological measures in patients.

White Matter: Diffusion Tensor Imaging
Fractional anisotropy (FA), mean diffusivity (MD), and eigen-

value maps were calculated by fitting a tensor model to the dif-

fusion data using FMRIB’s Diffusion Toolbox in FSL.

Additionally, we analyzed axial diffusivity (AD) and radial dif-

fusivity (RD), as FA is a relative parameter that is differentially

influenced by these 2 values (FA increases with increasing AD

and decreasing RD). AD was defined as the first eigenvalue of

the diffusion tensor, and RD was calculated as the mean of the

second and third eigenvalues. Voxelwise statistical analysis was

carried out using tract-based spatial statistics (TBSS) and

FIGURE 1: Results of resting state functional magnetic resonance imaging analysis. (A) Spatial map representing the anterior
default mode network (aDMN) identified by independent component analysis. (B) Between-group analysis of resting state func-
tional connectivity of the aDMN was performed with dual regression analysis. In patients, functional connectivity between the
aDMN and both the left and the right hippocampus was significantly reduced in comparison to controls (p < 0.05, familywise
error-corrected). [Color figure can be viewed in the online issue, which is available at www.annalsofneurology.org.]
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nonparametric permutation testing (5,000 permutations) with

TFCE (p < 0.05, FWE-corrected).17 Additionally, we per-

formed tract-specific analysis to identify the tracts with the

most prominent group differences using labels of the Johns

Hopkins University DTI-based white matter atlases, which are

implemented in FSL. FA group differences were tested with a

linear model, and linear correlation analyses were performed to

determine a possible relationship between FA values and disease

severity scores.

Gray Matter: VBM
VBM analysis was performed using FSL-VBM.18 After brain

extraction and tissue-type segmentation, the resulting gray matter

partial volumes images were aligned to MNI152 standard space

using nonlinear registration. The resulting images were averaged

to create a study-specific gray matter template. All native gray

matter images were then nonlinearly reregistered to this study-

specific template and modulated to correct for local expansion or

contraction by dividing by the Jacobian of the warp field. The

modulated gray matter images were then smoothed with an iso-

tropic Gaussian kernel with a sigma of 3mm. Finally, voxelwise

statistical analyses were performed using nonparametric permuta-

tion testing (5,000 permutations) with TFCE implemented in

the FSL randomize tool (p < 0.05, FWE-corrected).

Hippocampal Volume
Left and right hippocampal volumes were assessed in patients

and controls using the FSL tool FIRST, which performs

subcortical registration and segmentation using Bayesian shape

and appearance models.19 Group differences were analyzed

using 2-tailed t tests.

Results

Neuropsychological Assessment
Patients showed substantial deficits of executive functions,

working memory, and verbal long-term memory, whereas

attention, visuospatial abilities, and language were intact.

Significant impairments were observed in the following

tests: digit span backward (6.5 6 0.4 vs 8.0 6 0.4; Mann–

Whitney test, p 5 0.008), Stroop test (109.4 6 4.9 vs

86.8 6 4.3 seconds; p 5 0.001), word fluency (26.1 6

1.1 vs 31.4 6 1.4; p 5 0.005), RAVLT sum score (58.7 6

2.1 vs 65.7 6 1.5; p 5 0.008), RAVLT short-term reten-

tion (12.3 6 0.6 vs 13.8 6 0.4; p 5 0.041), and RAVLT

recognition (13.6 6 0.5 vs 14.7 6 0.1; p 5 0.039). Pre-

morbid IQ did not differ significantly between groups

(patients, 107.2 6 2.9; controls, 114.8 6 3.2; p 5 0.1).

T1w=T2w Structural Imaging
3D 1mm isotropic T2 and FLAIR images demonstrated

white matter lesions in 14 patients and in 8 healthy con-

trols, the majority being small lesions (<2mm; see Table 1,

Fig 2). Lesions were located predominantly within the fron-

tal lobe without a specific pattern or configuration in

patients. Only 5 patients had >2 lesions. The number of

subjects with white matter lesions did not differ between the

2 groups (chi-square 5 1.4, p 5 0.24), and the number of

white matter lesions did not correlate with disease severity in

patients (p 5 0.25). Of note, no white matter lesions had

been detected in standard clinical MRI scans in 7 of the 14

patients with lesions now seen in the higher-resolution 3D

scans. However, this is not surprising given the lower resolu-

tion of standard clinical sequences (slice thickness usually

3–5mm vs 1mm isotropic in the present study).

Resting State Functional Connectivity
Compared with controls, patients showed significantly

reduced functional connectivity between the aDMN and

the anterior hippocampus bilaterally (see Fig 1). To fur-

ther characterize these group differences, we extracted

regression coefficients from ROIs with significantly dif-

ferent functional connectivity in the left and right ante-

rior hippocampus. This analysis revealed positive

regression coefficients for controls, indicating coactivation

of the hippocampus on both sides with the aDMN (Fig

3). Conversely, negative regression coefficients were

observed in patients, demonstrating anticorrelation

between hippocampal and aDMN activity. In contrast,

regression coefficients for 2 control regions (frontal eye

fields and dorsolateral prefrontal cortex) showed positive

FIGURE 2: T1w and T2w 1mm isotropic structural imaging.
Exemplary 3-dimensional axial fluid attenuated inversion
recovery (resolution 1 3 1 3 1 mm3) magnetic resonance
images show small white matter lesions in 2 patients (upper
row) and 2 controls (lower row).
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values for patients and controls (Supplementary Table

S1). There were no brain regions in which patients had

increased functional connectivity with the aDMN relative

to controls. No differences in the functional connectivity

of the posterior DMN were observed between the 2

groups. To investigate the clinical relevance of the func-

tional connectivity changes, we performed a linear corre-

lation analysis of hippocampal regression coefficients and

individual memory performance. This analysis demon-

strated significant correlation between hippocampal con-

nectivity and memory performance in patients (RAVLT

sum score: left hippocampus, r 5 0.64, p 5 0.001; right

hippocampus, r 5 0.60, p 5 0.003; RAVLT short-term

retention: left hippocampus, r 5 0.53, p 5 0.007; right

hippocampus, r 5 0.49, p 5 0.016; RAVLT delayed

recall: left hippocampus, r 5 0.43, p 5 0.034; Supple-

mentary Fig S1). No significant correlations of hippo-

campal connectivity with performance in tests of

executive functions were observed. Finally, we were inter-

ested in whether hippocampal functional connectivity

allows for discrimination between patients and controls.

In a receiver operator characteristic (ROC) analysis, the

hippocampal regression coefficients discriminated signifi-

cantly between patients and controls (left hippocampus,

area under the curve [AUC] 5 0.72 6 0.08, p 5 0.008;

right hippocampus, AUC 5 0.72 6 0.08, p 5 0.01). To

analyze whether group differences were restricted to the

DMN, 3 additional networks (the sensorimotor network,

primary visual network, and auditory network) were

identified following the analysis of the DMN. No differ-

ences in functional connectivity were observed between

patients and controls for these 3 networks (Supplemen-

tary Fig S3).

White Matter
TBSS analysis revealed widespread reduction of FA in

patients relative to controls (whole skeleton, p < 0.005;

Figs 4 and 5). No regions with significantly increased FA

in patients were observed. These results were accompa-

nied by an increase of MD in patients (whole skeleton, p

< 0.05; see Fig 4), which was driven by an increase in

RD (whole skeleton, p < 0.008), whereas AD values did

not differ between patients and controls. Tract-specific

analysis revealed that the most pronounced differences

occurred in the cingulum bilaterally (Table 2). Linear

correlation analysis showed significant correlation

between disease severity (mRS scores) and both whole

brain FA (r 5 20.53, p < 0.001; Supplementary Fig

S2) and FA in the cingulum (left, r 5 20.47, p <

0.001; right, r 5 20.50, p < 0.001), whereas no signifi-

cant correlations of memory performance or executive

functions with FA values were observed. In a ROC analy-

sis, whole brain FA proved to discriminate best between

patients and controls (AUC 5 0.74 6 0.07, p 5 0.004).

Gray Matter
No differences between patients and controls were

observed in gray matter morphology, indicating that the

altered functional connectivity in patients is unlikely to

be related to structural gray matter abnormalities.

Hippocampal Volumes
Hippocampal volumes did not differ between patients

and controls (left hippocampus, patients: 3,667 6

99mm3, controls: 3,860 6 79mm3, p 5 0.13; right hip-

pocampus, patients: 3,788 6 87mm3, controls: 3,958 6

95mm3, p 5 0.2). Hippocampal volume did not corre-

late with individual memory performance in the RAVLT.

Discussion

We report the first systematic MRI investigation in anti-

NMDAR encephalitis. Using resting state fMRI, we iden-

tified reduced functional connectivity of the hippocampus

bilaterally that predicted memory performance in patients.

Furthermore, DTI analysis revealed widespread changes in

FIGURE 3: Regression coefficients of dual regression analy-
sis for left and right anterior hippocampal regions of inter-
est. Independent component analysis regression coefficients
were extracted from functionally defined regions of interest
in the anterior hippocampus. The regression coefficients
represent the connectivity strength between the left=right
hippocampus and the anterior default mode network
(aDMN). In controls, a coactivation of the left and right
anterior hippocampus with the aDMN was observed. Con-
versely, in patients, negative regression coefficients were
observed, indicating that activity in the left and right hippo-
campus was anticorrelated with aDMN activity. [Color figure
can be viewed in the online issue, which is available at
www.annalsofneurology.org.]
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white matter integrity in patients that correlated with dis-

ease severity. These results have important implications for

the pathophysiological understanding and the clinical

management of anti-NMDAR encephalitis.

There is a profound clinicoradiological paradox in

anti-NMDAR encephalitis, with severe illness but normal

brain MRI in most patients.1–3 Standard clinical MRI was

normal in the majority of patients in the present study.

Unsurprisingly, we detected more small white matter

lesions with 3D 1mm isotropic structural imaging that

may be an indicator of vascular comorbidity. However, the

number of subjects with white matter lesions did not differ

significantly between patients and controls. Furthermore,

the amount of white matter lesions did not correlate with

disease severity in patients, and there was no specific lesion

pattern in patients. Hence, even 3D 1mm isotropic struc-

tural imaging does not reveal brain changes that corre-

spond to clinical symptoms in anti-NMDAR encephalitis

patients. Further analysis of structural brain changes with

VBM showed no group differences in gray matter mor-

phology, and hippocampal volumes were not different

between patients and controls. It is, however, conceivable

that subtle gray matter volume reductions in hippocampal

subfields might be detectable using manual methods.

Furthermore, cortical DTI is an upcoming research

method that has been shown to be sensitive to subtle gray

matter changes and that might be able to detect alterations

in gray matter that were not revealed using VBM.20

Using resting state fMRI, we analyzed the func-

tional connectivity of the DMN. The DMN is a set of

brain regions that decrease their activity during attention-

FIGURE 4: Results of tract-based spatial statistics analysis. Regions showing significant decrease of fractional anisotropy (FA),
increase of mean diffusivity (MD), and=or increase of radial diffusivity (RD; p < 0.05, familywise error-corrected). Red=yellow
voxels indicate white matter regions where FA was significantly reduced in patients relative to controls. Blue=light-blue voxels
indicate white matter regions where MD and RD were significantly increased in patients relative to controls. [Color figure can
be viewed in the online issue, which is available at www.annalsofneurology.org.]

FIGURE 5: Comparison of whole skeleton fractional anisotropy
between patients and controls. Whole skeleton fractional ani-
sotropy was significantly reduced in patients with anti–N-
methyl-D-aspartate receptor encephalitis in comparison to
healthy controls (p < 0.005). [Color figure can be viewed in the
online issue, which is available at www.annalsofneurology.org.]
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demanding externally focused tasks and show increased

activity during rest and internally directed tasks.21 Pro-

posed functions of the DMN include mental simulations

such as envisioning the future and episodic memory

processing, which are both processes that have tradition-

ally been linked to hippocampal function.9,22 Conse-

quently, the hippocampus—a central component of the

memory system—has been identified as part of the

DMN.9,23 Moreover, it has been shown that the DMN

comprises multiple, dissociated components with a dis-

tinct MTL subsystem that is active during episodic mem-

ory processing, and that MTL activity at rest predicts

individual performance in tests of memory.24,25 Changes

in DMN connectivity have been reported in several neu-

rological and psychiatric diseases. Here, we observed a

significantly reduced functional connectivity between the

hippocampus and the anterior DMN in patients with

anti-NMDAR encephalitis. The strength of functional

connectivity correlated strongly with memory perform-

ance in patients. This observation suggests that

dysfunction of hippocampal NMDAR is a central patho-

physiological mechanism in anti-NMDAR encephalitis.

The observation of disrupted hippocampal functional

connectivity is in line with evidence that the CA1 region

of the hippocampus contains the highest density of

NMDAR in the brain and that loss of hippocampal

NMDAR function causes severe memory deficits.26,27

Moreover, the cognitive profile of patients with anti-

NMDAR encephalitis suggests hippocampal dysfunc-

tion.4 Direct and indirect pathways connect the hippo-

campus with the mPFC, a major component of the

aDMN involved in executive functions and working

memory.28,29 Enhanced coactivation and oscillatory syn-

chrony between the hippocampus and the mPFC has

been observed during memory processing.29 Hence, the

reported decoupling of the hippocampus from the

aDMN might explain some of the neuropsychiatric

symptoms in anti-NMDAR encephalitis.

Diffusion tensor imaging revealed widespread

changes of white matter integrity in patients. Whole

TABLE 2. Tract-Specific FA Analysis

Tract Controls Patients FA Change
in %

p

Mean SD Mean SD

Anterior thalamic radiation L 0.466 0.012 0.455 0.018 22.36 0.011

Anterior thalamic radiation R 0.468 0.016 0.455 0.021 22.78 0.029

Corticospinal tract L 0.548 0.017 0.536 0.025 22.19 0.065

Corticospinal tract R 0.540 0.019 0.526 0.028 22.59 0.046

Cingulum (cingulate gyrus) L 0.491 0.024 0.469 0.021 24.48 0.002

Cingulum (cingulate gyrus) R 0.479 0.023 0.459 0.024 24.18 0.005

Cingulum (hippocampus) L 0.424 0.033 0.405 0.033 24.48 0.04

Cingulum (hippocampus) R 0.428 0.029 0.409 0.033 24.44 0.051

Forceps major 0.530 0.016 0.519 0.016 22.08 0.027

Forceps minor 0.518 0.018 0.502 0.021 23.09 0.007

Inferior fronto-occipital fasciculus L 0.458 0.017 0.445 0.019 22.84 0.02

Inferior fronto-occipital fasciculus R 0.464 0.018 0.449 0.019 23.23 0.007

Inferior longitudinal fasciculus L 0.428 0.016 0.419 0.018 22.10 0.053

Inferior longitudinal fasciculus R 0.410 0.014 0.399 0.019 22.68 0.031

Superior longitudinal fasciculus L 0.431 0.018 0.419 0.017 22.78 0.03

Superior longitudinal fasciculus R 0.426 0.017 0.414 0.015 22.82 0.012

Uncinate fasciculus L 0.422 0.019 0.411 0.020 22.61 0.054

Uncinate fasciculus R 0.435 0.027 0.418 0.022 22.77 0.026

Tract-specific FA in patients and controls in 18 different anatomical tracts. To allow for a comparison between anatomical regions,
FA reductions in patients in comparison to controls are given as percentage change. P values are given for independent 2-sample
ttests (uncorrected for multiple comparisons).
FA 5 fractional anisotropy; L 5 left; R 5 right; SD 5 standard deviation.
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brain and cingulum FA values significantly correlated

with disease severity, suggesting a close relationship

between NMDAR antibody-mediated pathophysiology

and white matter damage. Reductions in FA were driven

by an increase of RD, but not a decrease in AD. This

pattern has been suggested to be indicative of demyelin-

ation as opposed to axonal damage.30 White matter

changes were most prominent in the cingulum bundle, a

fiber tract that connects the cingulate cortex with other

components of the limbic system. It is therefore relevant

for frontotemporal interaction, and damage to the cingu-

lum has been associated with impairments of working

memory and executive functions.31 Interestingly, FA of

the cingulum is closely linked to the level of DMN func-

tional connectivity.32 It therefore might be speculated

that the reduced hippocampal–aDMN connectivity in

patients is at least partially attributable to cingulum white

matter damage. ROC analyses showed that both whole

brain FA and hippocampal functional connectivity discri-

minated well between patients and controls. These results

highlight the potential of both imaging analyses for the

differential diagnosis of anti-NMDAR encephalitis,

although larger samples sizes should be investigated to

further evaluate the diagnostic accuracy in single subjects.

Interestingly, widespread changes of white matter integ-

rity that extend beyond the affected MTL have also been

observed in patients with herpes encephalitis.33 Future

studies are needed to investigate the specificity of white

matter damage in patients with different forms of

encephalitis. These studies will likewise elucidate how

imaging patterns in anti-NMDAR encephalitis compare

to other types of autoimmune encephalitis. Our results

also extend previous reports on brain PET abnormalities

during the acute stage of anti-NMDAR encephalitis.

While several case descriptions showed altered cerebral

metabolic activity but did not yield a consistent pat-

tern,3,34,35 Leypoldt et al. observed an increased

frontotemporal-occipital gradient of glucose metabolism

in 6 patients.10 Differences between these brain PET

results and our findings in resting state fMRI and DTI

might be related to differences in the disease stage at the

time of imaging and to significant methodological differ-

ences between PET imaging and resting state fMRI.

Many of the acute clinical symptoms of anti-

NMDAR encephalitis resemble those found in schizophre-

nia. NMDAR hypofunction is now considered a central

pathophysiological mechanism in schizophrenia, and

administration of the NMDAR antagonist ketamine indu-

ces symptoms common to both diseases, for example,

memory impairment, thought disorder, and impairment

of executive functions.36,37 The effect of ketamine on

functional connectivity of the DMN was recently

investigated in healthy subjects. Ketamine induced pro-

found disruption of DMN connectivity that correlated

with working memory impairment and ketamine-induced

psychiatric symptoms.16 Likewise, schizophrenia patients

show extensive alterations of DMN connectivity, including

reduced functional connectivity of the hippocampus with

DMN nodes.8,9,38 Furthermore, FA changes in the cingu-

lum bundle that were correlated with cognitive perform-

ance and clinical symptoms have repeatedly been reported

in schizophrenia.31,39 The currently reported results com-

plement these findings by showing disruption of hippo-

campal–DMN connectivity and prominent cingulum

white matter pathology in anti-NMDAR encephalitis, sug-

gesting a comparable pathophysiological mechanism of

anti-NMDAR encephalitis and schizophrenia. New treat-

ment strategies that target NMDAR hypofunction might

therefore prove helpful in both diseases.36

On a molecular level, NMDAR antibodies cause an

internalization of synaptic NMDAR. It has been suggested

that this decrease of NMDAR predominantly inactivates

NMDAR-rich c-aminobutyric acidergic (GABAergic) neu-

rons, causing an increase of extracellular glutamate and a

disinhibition of excitatory pathways.2 Preferential disrup-

tion of NMDA conductance on GABAergic neurons in a

computational model accounted for task-based BOLD

modulations of the DMN observed after ketamine adminis-

tration in healthy subjects.16 This model parsimoniously

reconciled BOLD signal reduction and working memory

impairment with disinhibition, suggesting that the here

reported reduced hippocampal functional connectivity

might be explained within this framework. The observed

white matter damage might be caused by affection of oligo-

dendrocyte NMDARs that have recently been discovered.40

Our study demonstrates substantial structural and

fMRI abnormalities in patients with anti-NMDAR

encephalitis, whereas standard clinical MRI and high-

resolution structural imaging revealed no clinically rele-

vant brain changes. We observed extensive white matter

damage and reduced hippocampal–DMN functional con-

nectivity that correlated with disease severity and mem-

ory performance in patients. These imaging analyses

therefore contribute to an improved understanding of the

clinicoradiological paradox in anti-NMDAR encephalitis.

Results of ROC analyses furthermore suggest that these

MRI methods may become valuable tools in the diagno-

sis and therapy monitoring of anti-NMDAR encephalitis.
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