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ABSTRACT
BACKGROUND: The majority of patients with anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis suffer from
persistent memory impairment despite unremarkable routine clinical magnetic resonance imaging. With improved
acute care in these patients, neurocognitive impairment represents the major contributor to long-term morbidity and
has thus become a focus of attention.
METHODS: Forty patients with anti-NMDAR encephalitis after the acute disease stage and 25 healthy control
subjects underwent multimodal structural imaging that combined volumetry of hippocampal subfields with analysis
of hippocampal microstructural integrity. Verbal and visuospatial memory performance was assessed in all patients
and correlation and mediation analyses were performed to examine associations between hippocampal structural
integrity, memory performance, and disease severity.
RESULTS: Hippocampal volumes were significantly reduced in patients and hippocampal subfield analysis revealed
bilateral atrophy of the input and output regions of the hippocampal circuit. Microstructural integrity was impaired in
both hippocampi in patients. Importantly, hippocampal volumetric and microstructural integrity measures correlated
with memory performance and disease severity and duration. Mediation analysis revealed that hippocampal
microstructure mediated the effect of disease severity on memory performance.
CONCLUSIONS: Data from this largest cohort of anti-NMDAR encephalitis patients that underwent extensive
multimodal magnetic resonance imaging demonstrate that structural hippocampal damage and associated memory
deficits are important long-term sequelae of the encephalitis. Correlation with disease duration and severity
highlights the need for rapid diagnosis and adequate immunotherapy to prevent persistent damage to the
hippocampus. Advanced imaging protocols may allow a more detailed analysis of structural damage to assess
disease progression in clinical routine examinations and for therapy evaluation in prospective trials.
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Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is a
severe autoimmune encephalitis with a characteristic neuro-
psychiatric clinical syndrome that includes psychiatric symp-
toms such as psychosis, delusions, and anxiety but also
dyskinesia, epileptic seizures, autonomic instability, and dis-
orders of consciousness (1–5). A favorable clinical outcome
critically depends on early and aggressive immunotherapy (6).
Nevertheless, many patients suffer from long-term cognitive
deficits, in particular impairment of memory and executive
control, which has become a major determinant of long-term
morbidity (2,7). Despite the severity of the disease, routine
structural magnetic resonance imaging (MRI) is normal in the
majority of patients, even in the acute disease stage. When
changes are present, they are typically subtle and may include
small white matter lesions that do not correspond to the
clinical syndrome (2,3,6). Thus, clinical routine imaging so far
has only helped to exclude further differential diagnoses but
has not allowed detection of disease-specific structural
changes.
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SEE COMMENTA
Recently, resting state functional MRI analyses revealed
reduced functional connectivity of the hippocampus that
correlated with individual memory performance in patients
with anti-NMDAR encephalitis (8). In addition, smaller hippo-
campal volumes were observed in patients in comparison with
healthy control subjects, however, without significant group
differences (8). These findings raised the question whether
advanced magnetic resonance analyses could nevertheless
detect morphological hippocampal abnormalities reflecting the
prolonged clinical deficits, potentially providing novel imaging
markers to characterize disease progression and response to
therapy. We therefore used a multimodal imaging approach
that combined analysis of hippocampal subfield volumes with
diffusion tensor imaging derived assessment of hippocampal
microstructural integrity in a cohort of 40 well-characterized
patients with anti-NMDAR encephalitis. While volumetry of
hippocampal subfields allows detection of regional vulnerabil-
ity to NMDAR antibody-mediated autoimmunity, analysis of
hippocampal mean diffusivity (MD) provides a measure of
& 2016 Society of Biological Psychiatry 727
iological Psychiatry May 1, 2016; 79:727–734 www.sobp.org/journal

RY ON PAGE

dx.doi.org/10.1016/j.biopsych.2015.02.024
dx.doi.org/10.1016/j.biopsych.2015.02.024
dx.doi.org/10.1016/j.biopsych.2015.02.024
www.sobp.org/journal


Hippocampal Damage in NMDAR Encephalitis
Biological
Psychiatry
microstructural integrity that serves as a sensitive marker of
structural hippocampal damage (9–11). Furthermore, memory
performance was assessed in all patients and correlation
analyses were performed between measures of hippocampal
structural integrity, memory performance, and disease
severity.
METHODS AND MATERIALS

Subjects

Forty patients with anti-NMDAR encephalitis after the acute
stage of the disease (36 female patients; mean age6 SEM, 28.0
6 1.6 years; mean time after disease onset, 26.6 6 3.3 months)
and 25 healthy control subjects without neurological or psychi-
atric diseases (23 female subjects; mean age6 SEM, 28.16 1.7
years) were included (Table 1). Patients were recruited in
Germany and referred to the Department of Neurology,
Charité-Universitätsmedizin Berlin. Diagnosis was established
in all patients based on characteristic clinical presentation
and detection of immunoglobulin G NMDAR antibodies (2).
Twelve patients had received drugs with possible neuro-
toxic side effects, e.g., cyclophosphamide or methotrexate
(Supplemental Table S1). Seizures were observed in 31 patients
and were rapidly controlled in most cases; for three patients,
grand mal seizures series or status epilepticus was reported
(Supplemental Table S1). Relapses between disease onset and
imaging were observed in four patients. Selected neuropsycho-
logical and MRI data analyses of 24 patients have previously
been reported (7,8). Two experienced neurologists independ-
ently assessed patients’ disease severity at the time of study
based on the modified Rankin Scale (mRS) (Table 1). Total days
spent in acute care hospitals were taken as an estimate of
disease duration (Table 1). Control subjects were recruited via
public advertisements and had similar social backgrounds in
comparison with patients. Premorbid intelligence quotient as
assessed using the Mehrfachwahl-Wortschatz-Intelligenztest (an
equivalent to the National Adult Reading Test) did not differ
significantly between patients and control subjects (p5 .1). In all
subjects, verbal and visuospatial memory performance
was assessed using the Rey Auditory Verbal Learning Test
(RAVLT) and the Rey-Osterrieth Complex Figure (ROCF). The
study was approved by the Charité-Universitätsmedizin Berlin
ethics committee. All study participants gave written informed
consent.
Table 1. Demographic and Clinical Characteristics

Patients Control Subjects

Age (Years; Mean 6 SEM
[Range])

28.0 6 1.6 [18–67] 28.1 6 1.7 [18–61]

Gender 36 female (90%) 23 female (92%)
4 male (10%) 2 male (8%)

mRS (Mean 6 SEM [Range]) 1.6 6 .2 [0–4]

Disease Durationa (Days;
Mean 6 SEM [Range])

120 6 18 [15–410]

Time After Disease Onset
(Months; Mean 6 SEM [Range])

26.6 6 3.3 [1–82]

mRS, modified Rankin Scale.
aTotal days in acute care hospitals.
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MRI DATA ACQUISITION

Whole-brain MRI data were acquired at the Berlin Center of
Advanced Neuroimaging at the Charité on a Siemens Magnetom
Tim Trio 3T scanner (Siemens, Erlangen, Germany) using the
standard setup for clinical studies with a 12-channel phased-
array head coil. High-resolution three-dimensional T1-weighted
MRI scans were collected using a magnetization prepared rapid
gradient-echo sequence (repetition time 5 1900 ms, echo time
5 2.55 ms, inversion time 5 900 ms, flip angle 5 91, field of
view 5 240 3 240 mm2, matrix size 5 240 3 240, 176 slices,
slice thickness 5 1 mm). Diffusion tensor imaging was per-
formed using a single-shot echo-planar imaging sequence
(repetition time 5 7500 ms, echo time 5 86 ms, field of view
5 240 3 240 mm2, voxel size 5 2.5 3 2.5 3 2.3 mm3, 61
slices, 64 diffusion directions, b value 5 1000 s/mm2).

Hippocampal Volumetry and Subfield Segmentation

FreeSurfer (Version 5.1; Center for Biomedical Imaging, Charles-
town, Massachusetts) was used to perform hippocampal volu-
metry, since for quantification of hippocampal volumes FreeSurfer
has been found to be more accurate than FSL FIRST (FMRIB,
Oxford, United Kingdom) (12) in comparison with manual tracing
(13). Moreover, FreeSurfer, but not FSL FIRST, allows analysis of
hippocampal subfield volumes. However, for comparison with our
previous analysis (8), we also analyzed total hippocampal vol-
umes using FSL FIRST and observed significantly smaller left and
right hippocampal volumes in this larger cohort (Supplemental
Table S2).

In FreeSurfer, the whole hippocampal formation was first
segmented using the standard segmentation pipeline as
described in prior publications (14,15). Briefly, this processing
includes removal of nonbrain tissue using a hybrid watershed/
surface deformation procedure, automated Talairach trans-
formation, and segmentation of the subcortical white matter
and deep gray matter volumetric structures, including the
hippocampal formation (15,16). Quality control and visual
inspection of segmentation results was carried out for all
subjects. Next, automated subfield segmentation of the hippo-
campus was performed using Bayesian inference and a
probabilistic atlas of the hippocampal formation based on
manual delineations of subfields in ultrahigh T1-weighted
scans from control subjects (17,18). The following subfield
volumes were calculated: cornu ammonis (CA)1, CA2/3, CA4/
dentate gyrus (DG), presubiculum, subiculum, and fimbria
(Figure 1). Volumes of the whole hippocampus and hippo-
campal subfields were adjusted for intracranial volume (ICV) by
using the following formula (19):

Volumeadjusted 5 Volumeobserved2β
slope from ICV vs: regional volume regression½ �

3 ICVobserved2 ICVsample mean
� �

Hippocampal Microstructural Integrity Analysis

Hippocampal microstructure was assessed by diffusion tensor
imaging (9–11,20,21). Analyses were performed using FSL 4.1
(FMRIB; www.fmrib.ox.ac.uk/fsl/). Preprocessing of the diffu-
sion tensor imaging data included brain extraction and cor-
rection for eddy current distortions. Individual fractional
anisotropy and MD maps were calculated by fitting a tensor
rnal
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Figure 1. Axial, coronal, and sagittal views of the hippocampal subfields
in an example subject. CA, cornu ammonis; DG, dentate gyrus.
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model to the diffusion data. Next, individual fractional aniso-
tropy maps were registered to the brain-extracted T1-
weighted images using an affine correlation ratio cost function
transformation. The resultant transformation matrices were
then used for registration of MD maps. FSL FIRST was applied
to high-resolution T1-weighted images to obtain individual
segmentations of the left and right hippocampus. Results
of all registration and segmentation steps were visually
inspected for quality control. Finally, hippocampal masks were
used for calculation of the mean individual hippocampal MD
values.

Statistical Analysis

Statistical analyses were performed using SPSS 21 (IBM,
Armonk, New York). Demographic variables and memory
performance were compared between groups using independ-
ent samples t tests and Fisher’s exact test for the analysis of
gender differences between groups.

To compare hippocampal subfield volumes between
patients and control subjects, a multivariate analysis of
variance with group as factor and the six subfield volumes
as dependent variables was performed. Analyses were con-
ducted separately for left- and right-sided structures. Separate
multivariate analyses of variance were used to compare whole
left and right hippocampal volume and left and right hippo-
campal MD between patients and control subjects. Further-
more, hippocampal volumes and MD were compared between
patients with and without detectable MRI abnormalities during
the acute disease stage and between patients with and
without treatment with neurotoxic drugs. To compare the
Biologica
magnitudes of variation between hippocampal subfield
volumes, the coefficient of variation was calculated. The
coefficient of variation is a standardized measure of variation
and is defined as the ratio of the standard deviation to
the mean.

Bivariate correlation analyses were performed to analyze
whether hippocampal volume and microstructural integrity
were associated with memory performance, disease duration
and severity, antibody levels, and follow-up time (time
between disease onset and study). Furthermore, we analyzed
the relationship of follow-up time with clinical (mRS) and
cognitive (RAVLT, ROCF) outcome.

Next, we investigated whether hippocampal volume or
hippocampal MD indirectly mediates effects of disease
severity on memory performance. We therefore performed
mediation analyses using a bootstrapping method developed
by Hagmann et al. (22) implemented in the SPSS toolbox
PROCESS (5000 resamples) (23), testing whether the influence
of the independent variable X (mRS) on the dependent variable
Y (RAVLT sum score or ROCF delayed recall) is mediated by
the mediator variable M (total hippocampal volume or hippo-
campal MD). The indirect effect of X on Y (mediated by M) is
considered significant when the bias-corrected 95% confi-
dence interval does not include zero (23).
RESULTS

Patients and control subjects did not differ significantly
regarding age (p 5 .97) and gender (p 5 1.0). Patients had
significantly worse verbal and visuospatial memory perform-
ance in comparison with control subjects (RAVLT sum score,
57.0 6 1.9 vs. 65.5 6 1.4, p 5 .001; ROCF delayed recall,
24.9 6 1.4 vs. 28.3 6 1.1, p 5 .035).

Hippocampal Volumetry

Left and right whole hippocampal volumes were reduced in
patients relative to control subjects (Figure 2, Table 2). Hippo-
campal subfield analysis revealed significantly reduced vol-
umes of the left CA4/DG region, fimbria, presubiculum, and
subiculum. For the right hippocampus, analysis showed
reduced volumes of CA1, CA2/3, CA4/DG, presubiculum,
and subiculum (Figure 2, Table 2). In patients, verbal memory
performance (RAVLT sum score) correlated with total left
hippocampal volume (r 5 .450, p 5 .005; Figure 3) and with
volumes of the left CA2/3 region (r 5 .339, p 5 .040), CA4/DG
region (r 5 .420, p 5 .010), and presubiculum (r 5 .396, p 5

.015) but not with right hippocampal volumes (all r , .3, all p .

.07). Furthermore, disease severity predicted left hippocampal
volume (r 5 2.430, p 5 .006; Figure 3), left CA4/DG (r 5

2.343, p 5 .019), and left subiculum (r 5 2.368, p 5 .019)
volumes. Disease duration correlated with total left hippo-
campal volume (r 5 2.347, p 5 .035). No significant correla-
tions of hippocampal volumes with visuospatial memory
performance (ROCF delayed recall) were observed. In control
subjects, no significant correlations between hippocampal
volumes and memory performance were observed. Coeffi-
cients of variation were comparable for all subfields and did
not differ between significant and nonsignificant subfield
group comparisons (.11–.36 vs. .09–.33; p 5 .49).
l Psychiatry May 1, 2016; 79:727–734 www.sobp.org/journal 729
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Figure 2. Volumes of the hippo-
campal subfields and the whole hip-
pocampi in patients and control
subjects (mean 6 SEM; *p , .05).
CA, cornu ammonis; DG, dentate
gyrus.
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Hippocampal Microstructure

Patients showed increased left and right hippocampal mean
diffusivity relative to control subjects (Figure 4, Table 3),
indicating reduced microstructural integrity of both hippo-
campi (24). Left and right hippocampal MD correlated with
verbal memory performance (RAVLT sum score; left, r 5

2.524, p 5 .001; right, r 5 2.470, p 5 .004; Figure 3) and
visuospatial memory performance (ROCF delayed recall; left
r 5 2.45, p 5 .008; right, r 5 2.44, p 5 .009) in patients.
Disease severity and duration correlated with left (r 5 .432/
.446, p 5 .007/.007) and right (r 5 .355/.347, p 5 .029/.041)
hippocampal MD (Figure 3). In control subjects, no significant
correlations between hippocampal MD and memory perform-
ance were observed.

Longer follow-up was associated with better clinical out-
come (mRS; r 5 2.34, p 5 .037) but not with memory perfor-
mance (RAVLT sum score, p 5 .18; ROCF delayed recall, p 5

.82) or hippocampal volumes or MD (all p . .12). Serum and
cerebrospinal fluid antibody levels did not correlate
730 Biological Psychiatry May 1, 2016; 79:727–734 www.sobp.org/jou
significantly with structural hippocampal measures or memory
performance. No significant differences of hippocampal vol-
umes and/or hippocampal MD between patients with and
without detectable MRI abnormalities during the acute disease
stage and between patients with and without treatment with
neurotoxic drugs were observed.

Mediation Analysis

Mediation analysis revealed that left hippocampal MD partially
mediated the effect of disease severity (mRS) on memory
performance (RAVLT sum score), i.e., a significant indirect
effect of mRS on RAVLT performance was observed (b 5

21.639, 95% bias-corrected bootstrap confidence interval
[25.306, 2.073]) with an effect size of κ² 5 .158 (95%
bias-corrected bootstrap confidence interval [.013, .398]).
No significant mediation was observed for models inclu-
ding right hippocampal MD and hippocampal volume as
mediator variables and models including ROCF as dependent
variable.
rnal
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Table 2. Whole Hippocampus and Hippocampal Subfield
Volumes

Patients Control Subjects

Mean SEM CV Mean SEM CV F p Value

Left

CA1 311.92 6.07 .12 319.08 8.11 .13 .512 .477

CA2-3 907.59 22.23 .15 968.45 20.81 .11 3.483 .067

CA4-DG 500.51 11.35 .14 541.33 11.06 .10 5.884 .018

Fimbria 62.78 3.00 .30 74.87 4.89 .33 4.984 .029

Presubiculum 424.77 7.30 .11 468.17 10.48 .11 12.24 .001

Subiculum 605.00 11.45 .12 646.54 11.73 .09 5.828 .019

Hippocampus 4083.61 72.72 .11 4385.99 77.51 .09 7.477 .008

Right

CA1 308.75 6.63 .14 334.86 7.54 .11 6.437 .014

CA2-3 932.88 24.46 .17 1036.18 21.25 .10 8.588 .005

CA4-DG 518.07 13.37 .16 571.63 11.55 .10 7.747 .007

Fimbria 56.11 2.61 .29 58.50 4.22 .36 .258 .613

Presubiculum 412.42 7.97 .12 453.26 12.06 .13 8.674 .005

Subiculum 595.18 12.63 .13 655.29 13.29 .10 9.863 .003

Hippocampus 4069.83 101.20 .16 4441.80 81.32 .09 6.724 .012

CA, cornu ammonis; CV, coefficient of variation; DG, dentate gyrus.
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DISCUSSION

Our study demonstrates hippocampal subfield atrophy and
impaired microstructural integrity of the hippocampus in a
sample of 40 patients recovering from anti-NMDAR encepha-
litis. Importantly, volumetric and microstructural integrity
measures correlated with memory performance and disease
severity and duration. We thus describe a structural imaging
correlate of anti-NMDAR encephalitis that provides insights
into the pathophysiology of the disease and that may serve as
a therapeutic and prognostic biomarker.

The majority of patients with anti-NMDAR encephalitis
achieve a good clinical outcome, especially with rapid immu-
notherapy and tumor removal (6). However, most patients
suffer from long-lasting cognitive deficits, in particular memory
impairments and executive dysfunction (7). We have previ-
ously shown reduced functional connectivity between the
anterior hippocampus and the medial prefrontal cortex that
correlated with individual memory performance despite normal
routine clinical MRI and gray matter morphology (8). Here, we
analyzed hippocampal structural integrity using a refined
analysis strategy that included study of hippocampal subfield
volumes and hippocampal MD (13,17). Hippocampal volume-
try revealed atrophy of the left and right whole hippocampus
with bilateral affection of CA4/DG, subiculum, and presubic-
ulum in anti-NMDAR encephalitis patients that had recovered
from the acute disease stage. In the right hippocampus,
atrophy also included CA1 and CA2/3 subfields, whereas in
the left hippocampus, fimbria volume was additionally
reduced. Volumes of the left whole hippocampus and left
CA2/3, CA4/DG, and presubiculum correlated with verbal
memory performance, reflecting the material specificity of
the left hippocampus for verbal stimuli. The dentate gyrus,
affected bilaterally in patients, serves as the major input to the
hippocampus and receives projections mainly from the ento-
rhinal cortex (25). It is thought to prepare incoming information
Biologica
for efficient storage and is involved in pattern separation, a
process that enables the formation of discrete memory
representations (26). Importantly, the dentate gyrus is one of
a few brain regions exhibiting adult neurogenesis with the
newly generated neurons critically enhancing accuracy of
memory encoding by contributing to pattern separation (27).
From the dentate gyrus, information flows to CA2/3, CA1,
subiculum/presubiculum, and then back to the entorhinal
cortex (25). Subiculum and presubiculum, also bilaterally
affected in patients, are part of the subicular complex. Both
structures form the major output structures of the hippo-
campus and support the retrieval of encoded information (26).
Hence, subfield atrophy that was bilaterally present in anti-
NMDAR encephalitis affected both the major input and the
major output structures of the hippocampal circuit.

Previous analyses of hippocampal subfield volumes in
patients with memory disorders identified comparable atrophy
patterns. Patients with mild cognitive impairment showed a
correlation of memory performance with CA2/3, CA4/DG, and
subicular volumes (18). Volumes of the left CA2/3 and CA4/DG
correlated with verbal memory performance in patients with
self-reported memory deficits (28). In patients with Parkinson’s
disease, CA2/3 and CA4/DG volumes were reduced and also
correlated with verbal memory performance (29). Interestingly,
a recent histopathologic study in epilepsy patients undergoing
selective amygdalohippocampectomy showed that patients
with predominant cell loss in CA1 did not show declarative
memory impairment, while patients with neuronal loss affect-
ing CA4 and dentate gyrus had significantly impaired declar-
ative memory (30). Thus, bilateral affection of CA4/DG and
subiculum is well suited to explain the sustained memory
deficits observed in anti-NMDAR encephalitis.

We extended the findings on hippocampal subfield volumetry
by analyzing hippocampal MD that reflects hippocampal micro-
structural integrity (21,24). Specifically, MD is a measure of the
mean motion of water molecules in tissue and is derived from
diffusion tensor imaging. Intact membranes and tissue cytoarch-
itecture impose natural limits to diffusion and MD increases
indicate expansion of extracellular fluid and microscopic barrier
disruption and are thus considered as a measure of neuronal
disintegration (24,31,32). Previous studies observed an associa-
tion between lower hippocampal MD and better memory perform-
ance in healthy older individuals (11,21), while spatial navigation
training led to a reduction in hippocampal MD paralleled by
improved navigation performance (24). Moreover, increased
hippocampal MD is associated with an increased risk of pro-
gression to Alzheimer’s disease in patients with amnestic mild
cognitive impairment (33). A recent study furthermore reported
that higher glucose levels are correlated with increased hippo-
campal MD and impaired verbal memory performance in healthy
older subjects (10). In the present study, MD was significantly
increased in the left and right hippocampus of patients with anti-
NMDAR encephalitis indicating impaired microstructural integrity.
Moreover, left and right hippocampal MD correlated with verbal
and visuospatial memory performance.

Our results demonstrate that patients with anti-NMDAR
encephalitis suffer from long-standing structural damage to
the hippocampus, i.e., reduced volumes of hippocampal input
and output structures and impaired microstructural integrity.
Moreover, these structural changes are clinically relevant given
l Psychiatry May 1, 2016; 79:727–734 www.sobp.org/journal 731
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Figure 3. Correlations of hippo-
campal volumes and mean diffusivity
(MD) with verbal and visuospatial
memory performance. CA, cornu
ammonis; DG, dentate gyrus; RAVLT,
Rey Auditory Verbal Learning Test;
ROCF, Rey-Osterrieth Complex Figure.
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their strong correlation with memory performance. These
observations herald important implications for the pathophy-
siological concept of the disease and for the clinical manage-
ment of patients. Extending the previous observation of
reduced functional connectivity of the hippocampus, our data
support the notion that the hippocampus is one of the target
structures of the disease (8). This notion is in line with
evidence that the hippocampus contains the highest density
of NMDAR in the brain and that dysfunction of hippocampal
NMDAR causes severe amnesia (34,35). Moreover, the detec-
tion of persistent structural damage also points to the
presence of pathophysiological mechanisms that go beyond
the established antibody-mediated capping and internali-
zation of NMDARs causing reversible impairment of
732 Biological Psychiatry May 1, 2016; 79:727–734 www.sobp.org/jou
NMDAR-mediated synaptic function without cell death
(36,37). Interestingly, the observed hippocampal atrophy pat-
tern was slightly asymmetric. This is in line with previous
positron emission tomography imaging studies showing wide-
spread hemispheric asymmetries (38–40). Like in other auto-
immune diseases of the nervous system, neurological deficits
are not necessarily symmetric in anti-NMDAR encephalitis.
Recently, it has been proposed that left-right asymmetry is a
fundamental property of the mammalian hippocampus, based
on observations that NMDAR subunits are differentially dis-
tributed between the left and right mouse hippocampus and
that hippocampal CA1 pyramidal cell synapses differ in
NMDAR expression depending on the laterality of presynaptic
origin (41,42). Moreover, asymmetry was also reported for
rnal
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Figure 4. Hippocampal mean diffusivity in patients and control subjects
(mean 6 SEM; *p , .05).
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hippocampal synaptic plasticity and was thought to rely on the
differential expression of NMDAR subunits (43). Whether such
an asymmetry of NMDAR expression likewise exists in the
human hippocampus and how this relates to pathophysiolog-
ical processes in NMDAR encephalitis needs to be determined
in future studies. On clinical grounds, detection of hippo-
campal damage explains the frequent observation of long-
term cognitive deficits following anti-NMDAR encephalitis that
constitute the chief complaint affecting daily life of patients (7).
Importantly, our data show correlation of disease severity and
disease duration with microstructural integrity of both hippo-
campi and with volumes of the left whole hippocampus, left
CA4/DG, and left subiculum. Mediation analysis furthermore
revealed that left hippocampal microstructural integrity parti-
ally mediated the effect of disease severity on memory
performance, thus showing that more severe disease courses
lead to more pronounced structural deficits that, in turn, are
associated with worse memory performance. In line with
previous analyses, longer follow-up after the acute disease
stage was associated with better clinical outcome reflected in
better mRS scores. These results indicate that the recovery
process in anti-NMDAR encephalitis is slow and suggests
potential for continuing clinical improvement in these patients.
However, we observed no significant correlation of follow-up
time with memory performance or structural hippocampal
measures, illustrating a limited capacity for the compensation
of memory deficits. These results stress the relevance of rapid
diagnosis and early and adequate immunotherapy to prevent
hippocampal damage and to improve the cognitive long-term
outcome of patients (7). This is in keeping with clear evidence
Table 3. Left and Right Hippocampal Mean Diffusivity

Patients Control Subjects

Mean SEM Mean SEM df F p Value

Left MD .9913 .0123 .9424 .0081 1 8.888 .004

Right MD 1.0099 .0126 .9678 .0099 1 5.862 .019

MD, mean diffusivity.

Biologica
of better outcome in patients with shorter time until treatment
initiation and in patients switched to second-line immunother-
apy who did not respond to first-line treatment (6,7).

Limitations of the study include employment of a process-
ing pipeline that does not discriminate hippocampal subfields
CA2 from CA3 and CA4 from dentate gyrus. Advances in
imaging acquisition and segmentation algorithms will likely
allow for such analyses in future studies of healthy subjects
and patients with medial temporal lobe pathologies. Treatment
with neurotoxic drugs and longstanding seizures potentially
can contribute to cerebral atrophy. However, we observed no
differences in structural hippocampal measures between
patients with and without treatment with neurotoxic drugs.
Furthermore, in most of our patients, only few seizures
occurred that were rapidly controlled, making a contribution
of seizures to long-lasting hippocampal damage unlikely.
Longitudinal studies are needed to assess whether cognitive
deficits further improve after longer follow-up periods and how
continued recovery is related to structural alterations of the
hippocampus. Magnetic resonance spectroscopy investiga-
tions might moreover elucidate how functional and structural
MRI changes relate to cerebral glutamate levels in patients
with anti-NMDAR encephalitis.

Our study demonstrates that patients with anti-NMDAR
encephalitis exhibit relevant and long-standing structural damage
of the hippocampus. Disease severity and duration predicted the
extent of hippocampal damage that, in turn, correlated with
memory performance. Together with previous observations (6,7),
these results call for rapid diagnosis and efficient immunotherapy
to prevent cognitive long-term deficits. Moreover, the results
provide a focal structural imaging biomarker of the disease that
may support treatment decisions and prognostic evaluation.
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