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Abstract

Spontaneous brain activity is required for the development and maintenance of normal brain 

function. Many disease processes disrupt the organization of intrinsic brain activity but few 

pervasively reduce the amplitude of resting state blood oxygen level dependent (BOLD) fMRI 

fluctuations. We report the case of a female with anti-N-methyl-D-aspartate receptor (NMDAR) 

encephalitis, longitudinally studied during the course of her illness in order to determine the 

contribution of NMDAR signaling to spontaneous brain activity. Resting state BOLD fMRI was 

measured at the height of her illness and 18 weeks following discharge from hospital. 

Conventional resting state networks were defined using established methods. Correlation and 

covariance matrices were calculated by extracting the BOLD time-series from regions of interest 

and calculating either the correlation or covariance quantity. The intrinsic activity was compared 

between visits, and to expected activity from 45 similarly-aged healthy individuals. Near the 

height of the illness, the patient exhibited profound loss of consciousness, high-amplitude slowing 

of the electroencephalogram, and a severe reduction in the amplitude of spontaneous BOLD fMRI 

fluctuations. The patient’s neurological status and measures of intrinsic activity improved 

following treatment. We conclude that NMDAR-mediated signaling plays a critical role in the 

mechanisms that give rise to organized spontaneous brain activity. Loss of intrinsic activity is 

associated with profound disruptions of consciousness and cognition.

Introduction

Intrinsic neural activity accounts for the greatest part of the brain’s high metabolic cost,[46] 

and is critical for both the development of normal brain organization,[27, 49] and the 

maintenance of homeostatic functions.[32, 57] This activity can be measured by quantifying 

spontaneous fluctuations in the blood oxygen level dependent (BOLD) signal utilizing 

resting state functional magnetic resonance imaging (rs-fMRI). BOLD signals normally 
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exhibit a well-ordered temporal correlation structure that reflects functional organization 

(widely referred to as functional connectivity [FC]),[20] and defines interconnected resting-

state networks (RSNs). The importance of spontaneous activity to brain development and 

function is exemplified by the persistence of organized spontaneous activity (i.e., FC) in 

healthy individuals during task performance and sleep,[46] the preservation of RSN 

structure in substantially altered brain states (e.g., sedation,[22] surgical anesthesia,[33, 40] 

and prolonged vegetative states [7]), and the observation that early changes in FC may be 

seen in individuals with neurodegenerative dementing illnesses (e.g. Alzheimer [9] and 

frontotemporal dementia [14]). Despite its importance, few opportunities exist to study the 

effects of focal (e.g., well-circumscribed lesions) or specific (e.g., inhibition of a single 

receptor system) insults on spontaneous activity. As a result, the mechanisms that give rise to 

FC remain largely unknown.

We present serial clinical and rs-fMRI findings from a previously healthy young adult with 

anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis. NMDAR encephalitis results 

from the production of IgG autoantibodies directed against the GluN1-subunit of central 

nervous system NMDARs, and classically manifests with profound changes in personality, 

psychiatric symptoms, memory loss, seizures and autonomic dysfunction.[53] Although 

most patients dramatically improve following treatment,[53] short-term mortality [15] and 

long-term morbidity—including residual cognitive impairment[17]—are increasingly 

recognized complications of NMDAR encephalitis. Accordingly, there is growing interest in 

identifying acute clinical and paraclinical measures that may predict longer-term individual 

outcomes. Description of a treatment-responsive disease associated with selective NMDAR 

dysfunction provides a unique opportunity to measure the within-patient effects of altered 

NMDAR-mediated signaling on spontaneous activity and FC. These results inform the 

potential association between changes in spontaneous activity, FC, and clinical outcomes.

Methods

All participants or a legal guardian provided written informed consent in accordance with 

the Washington University in St. Louis Institutional Review Board. Control data were 

obtained from ongoing imaging studies of similarly-aged healthy individuals scanned using 

a 3T Siemens Trio scanner (Erlangen, Germany) equipped with a standard 12-channel head 

coil. The present rs-fMRI results were obtained using previously described procedures.[10] 

Atlas registration was computed using a T1-weighted magnetization-prepared rapid gradient 

echo image. rs-fMRI was acquired using a gradient spin-echo sequence (TE=30 msec, 

TR=2200 msec, field of view=256 mm, flip angle=90°, 4mm isotropic voxels) sensitive to 

the BOLD contrast. The rs-fMRI scanning protocol was identical for patients and controls, 

except that control participants were instructed to fixate on a visual cross-hair and not fall 

asleep. All participants contributed two six-minute resting state runs (164 volumes each).

Initial preprocessing of rs-fMRI data followed conventional methods.[10, 45] Volumes 

contaminated by head movement were excluded. Frame censoring was computed using the 

derivative of the frame-to-frame variance (DVARS) measure, which identifies large changes 

in image intensity induced by head motion.[51] Signals of non-interest were extracted from 

white matter, ventricles, and the global signal averaged over the whole brain. Signals of non-
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interest along with movement time-series and their first temporal derivatives were regressed 

from the voxelwise BOLD time-series. The residual BOLD time-series was then low-pass 

filtered to retain frequencies below 0.1Hz and spatially smoothed with a Gaussian blur 

(6mm FWHM in each direction). Data quality with respect to motion artifact was assessed 

by comparing root mean square (RMS) movement to the control group and expressing this 

comparison as Z-scores. RMS movement was below the group mean at Visit1 (Z=−1.05) and 

near the mean at Visit2 (Z=−0.08). Similarly, the number of frames retained was similar to 

the group mean at Visit1 (Z=0.36) and Visit2 (Z=0.05).

Regions of interest (ROIs) were defined as previously described.[9] Thirty-six 6mm radius 

spheres belonging to 5 RSNs, including the default mode (DMN), dorsal attention (DAN), 

executive control (CON), salience (SAL), and sensorimotor + visual (SMN) networks, were 

examined. Correlation and covariance matrices were calculated by extracting the BOLD 

time-series from ROIs and calculating either the pair-wise correlation or covariance quantity. 

These ROI-by-ROI correlation matrices then were statistically compared by calculating their 

eigenspectra and comparing the individual eigenvalues (at either Visit1 or Visit2) relative to 

the eigenvalues corresponding to Z-scores from a control group. Eigenanalysis of the control 

group mean covariance matrix showed several large values (corresponding to specific 

RSNs), followed by many near-zero values. This distribution of eigenvalues represents 

structured brain activity. A flat eigenspectrum, where no single eigenvalue is large compared 

to the others, represents a lack of structure. The eigenspectra from controls were used as a 

population to calculate a Z-score for each observation in the patient. These Z-scores, 

assuming normality, coincide with p-values indexing the probability of the null-hypothesis 

that the patient is indistinguishable from the controls. Correlation mapping was performed 

by extracting the BOLD time-series from the ROIs and calculating the Pearson correlation 

coefficient between that time-series and the volumetric time-series covering all voxels within 

the brain mask.

Results

A previously well, 20-year-old right-handed African-American female college student was 

transferred to our tertiary care hospital 4 weeks following the onset of psychosis, rapidly 

progressive encephalopathy, seizures, persistent orofacial dyskinesias and cardiac instability 

(Figure 1A). Circulating IgG autoantibodies against NMDAR were identified in the serum 

and cerebrospinal fluid (cerebrospinal fluid titers 1:20 by indirect fluorescent 

histochemistry; ARUP Laboratories; Salt Lake City, UT), establishing the diagnosis of 

NMDAR encephalitis. Structural MRI was normal and remained normal throughout the 

course of the illness. The EEG (Figure 1B) showed diffuse high-amplitude slowing with 

predominant power in the delta range and superimposed beta range activity (“extreme delta 

brush” pattern, a characteristic finding in NMDAR encephalitis [48]). Pelvic ultrasound and 

MRI were suspicious for an ovarian mass; however, no neoplasm was found following 

unilateral oophorectomy and histopathological review. Immunosuppressive treatment was 

initiated with oral prednisone (1 mg/kg) and intravenous immunoglobulin (2mg/kg divided 

over 5 days). Rituximab (375 mg/m2/week × 4 weeks) was provided after the patient’s 

condition worsened. Tracheostomy was established and an enterogastric tube was placed to 

maintain nutrition. The first rs-fMRI study (Visit1) was performed 8 weeks after the onset of 
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symptoms. At that point, the patient was receiving diazepam (10 mg every 6 hours; last dose 

3 hours before imaging), midazolam (2 mg IV; last dose 10 hours before imaging), and 

propofol (IV; 80μg/kg/min).

Twelve weeks following symptom onset, the patient regained spontaneous eye opening with 

inconsistent tracking. Over the ensuing 14 days, she began to obey 1-step commands. 

Autonomic instability gradually resolved. The EEG obtained at 13 weeks after symptoms 

onset was normal (Figure 1C). The patient was extubated at week 14 and transferred to an 

inpatient rehabilitation facility two weeks later. At that time, she was awake but impaired in 

multiple cognitive domains (Table 1). The remainder of the clinical course was marked by 

steady improvement in mental status. The patient was discharged home 23 weeks following 

the onset of symptoms. Cognitive testing at week 25 showed general improvement with 

persistent impairment in measures of global cognitive performance. Repeat rs-fMRI study 

(Visit2) was obtained without sedation at week 25. Cognitive testing at week 63 confirmed 

continued recovery, although delayed recall remained abnormal compared to age- and 

education-matched healthy individuals.

Figure 2 shows images of BOLD signal amplitude (temporal standard deviation) measured 

in the patient and a cohort of 45 healthy participants with a median age of 21 (19-24) years. 

The temporal standard deviation of the BOLD signal across uncensored (i.e., not motion 

contaminated) frames was calculated as a measure of spontaneous BOLD amplitude. In such 

images, neural activity normally gives rise to greater amplitude in grey as opposed to white 

matter. This feature was attenuated at Visit1 (Figure 2B) and restored at Visit2 (Figure 2C). 

Figure 2D shows mean BOLD signal amplitudes evaluated within 36 canonical ROIs 

representing 5 RSNs.[9] The bar graph results indicate that spontaneous activity was 

reduced in all RSNs at Visit1 but was within the normal range at Visit2.

Figure 3 shows functional connectivity matrices corresponding to canonical ROIs. We 

present both Fisher z-transformed Pearson correlation ( ; conventional FC), as well as 

covariance matrices. Covariance retains sensitivity to BOLD signal amplitude whereas 

conventional FC does not (for additional discussion see Smyser et al. [52]). The block 

structure in the control cohort matrices reflects normal RSN organization. This structure is 

disrupted in the patient’s Visit1 results in both the correlation and covariance matrices. The 

near absence of structure in the Visit1 covariance matrix graphically reflects reduced 

amplitude of spontaneous BOLD signal fluctuations. The Visit2 results indicate substantial, 

but not complete, recovery of organized intrinsic activity, as evaluated in both the correlation 

and covariance matrices (Figure 3C).

The patient’s RSN integrity, expressed as Z-scores relative to the control group, was 

assessed as an RSN composite score computed by averaging FC across all ROI-pairs within 

a given RSN.[9] At Visit1, all composite measures (DMN = −2.44; DAN = −2.89; CON = 

−3.04; SAL = −2.43), except for the sensorimotor network (SMN = – 0.76), were 

significantly abnormal (q<0.05; False Discovery Rate corrected1;[5] two-tailed) compared to 

1The false discovery rate (FDR) approach to evaluating statistical significance corrects for multiple comparisons and applies when the 
tested hypotheses are not independent. This error rate control says that, for any set of comparisons, the rate of false positive is at most 
q. This is in contrast to the family-wise error rate where the false positive rate of any single test is p.
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matched healthy individuals. At Visit2, all composite scores were similar to controls (DMN 

= 0.22; DAN = 0.35; CON = −1.69; SAL = −1.03; SMN = 0.21).

Eigen-decomposition offers a means of estimating the dimensionality of rs-fMRI data.[52] 

Well-ordered structure in the correlation and covariance matrices manifests as large initial 

values in the eigenspectra (scree plots; Fig. 3D). Lack of structure manifests as flat scree 

plots. Normal eigenspectra are shown in black (±95% CI). The patient’s Visit1 eigenspectra 

(magenta traces) are abnormally flattened. The Visit2 results (teal traces) fall within the 

normal range.

Figure 4 shows the rs-fMRI RSN topographies. In healthy individuals, the DMN exhibits a 

characteristic topography in which the posterior cingulate/precuneus cortex is positively 

correlated with lateral parietal and medial frontal cortices, and negatively correlated with the 

DAN, CON, and SAL networks.[21] Complementary results are obtained in healthy controls 

with seeds in the DAN and CON and SAL networks. All RSNs (including the motor and 

visual networks) normally exhibit highly symmetric homotopic functional connectivity, as 

illustrated in the left columns of Figure 4. Almost all organized RSN structure was lost in 

the patient at Visit1; the only clear exception was continued organization of the SMN. RSN 

topography recovered at Visit2, except possibly in the VIS network.

Discussion

We describe a case of NMDAR encephalitis associated with markedly reduced amplitude of 

spontaneous BOLD signal fluctuations and high amplitude slowing of the EEG. rs-fMRI 

abnormalities included reduced dimensionality and pervasive disorganization of FC, except 

in the SMN. These physiological abnormalities resolved, albeit incompletely, concurrent 

with improvement in clinical status. The present case bears substantial similarities to a 

previously reported child with epileptic encephalopathy and high amplitude slowing of the 

electroencephalogram (EEG) in whom a profound reduction in the amplitude of spontaneous 

BOLD fMRI fluctuations was documented.[43] These abnormalities largely normalized 

following successful treatment. The pathophysiological mechanism leading to 

encephalopathy is more strongly characterized in this report: antibody-mediated disruption 

of NMDAR-mediated neuronal signaling.

NMDAR encephalitis is caused by autoantibodies to the GluN1-subunit of central nervous 

system NMDARs. Major features of the clinical syndrome reflect the anatomical distribution 

of NMDARs, which are ubiquitously expressed throughout the brain but are especially 

prevalent in the hippocampus and cerebellum.[12, 42] In experimental models, antibody 

binding leads to IgG-mediated cross-linking and internalization of synaptic NMDARs, 

which decreases NMDAR cluster density and reduces NMDAR-associated synaptic currents 

without altering the number or structure of chemical synapses.[25, 37] In the absence of 

circulating NMDAR autoantibodies, NMDARs repopulate, thereby restoring synaptic 

currents.[25] Most patients recover following appropriate treatment, including 

immunotherapy.[53] However, cognitive deficits may across extended periods of time, and 

are presumed to reflect alterations in functional connectivity and white matter integrity that 

may be overlooked with standard clinical MR imaging.[16, 18] Our experience further 
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advances this hypothesis, and emphasizes the potential application of longitudinal fMRI in 

appraising intrinsic activity and predicting meaningful clinical outcomes in a single case.

The biophysical properties of the NMDAR render it uniquely suited to play a central role in 

learning, memory and synaptic homeostasis (i.e., balancing long-term potentiation versus 

long-term depression, and excitation versus inhibition).[28, 36, 56] Dysregulation of these 

processes leads to cell death either owing to an excess of excitation (excitotoxicity) or 

withdrawal of trophic influences.[4, 58] Critically, these homeostatic processes depend on 

ongoing signaling, with the possibility that disruption may contribute to cognitive 

impairment reported in our patient and others.[16, 18]

Insight regarding the pathophysiology of NMDAR encephalitis has been obtained from 

animal studies. Infusion of human NMDAR autoantibodies into the ventricular cavities of 

mice severely disrupts learning and memory,[44] while loss of NMDARs on hippocampal 

parvalbumin interneurons disrupts theta oscillations, contributing to impaired spatial 

working memory.[11] Pharmacological blockade of NMDARs using MK801 reduces 

inhibition, leading to disorganized firing of pyramidal neurons,[24] and reductions in the 

amplitude of spontaneous BOLD fluctuations.[6] The magnitude of this effect (about 10% 

amplitude reduction) is quantitatively modest in comparison to the results presented in our 

patient with NMDAR encephalitis.

Ketamine, another NMDAR antagonist, has been reported to induce complex effects in 

humans, possibly owing to non-NMDA related pharmacology involving opioid receptors and 

monoamine transporters.[26] Immediately (minutes to hours) after administration of 

ketamine, the amplitude of BOLD signal fluctuations[29] and FC[23] was observed to 

increase, although the amplitude of task-evoked responses was reduced.[39] Chronic 

administration (greater than 24 hours) of ketamine focally reduced FC in selected RSNs.[47] 

Again, these results are quantitatively minor in comparison to the present findings.

BOLD signal fluctuations normally are tightly coupled to local field potentials[19] and slow 

cortical potentials.[41] These relationships are disrupted in the present case. The only other 

condition known to markedly suppress spontaneous BOLD fluctuations is deep (i.e., 

surgical) anesthesia with inhaled sevoflurane.[40] While we cannot offer a definitive 

explanation for the co-occurrence of high amplitude slowing of the EEG and markedly 

reduced BOLD fluctuations, we offer two speculative hypotheses. First, NMDAR 

encephalitis may disrupt hemodynamic coupling, which depends on glutamatergic signaling 

via NMDARs.[3] Second, the normally close link between local field potentials and the 

BOLD signal [30] was obtained in the presence of organized post-synaptic activity. 

Electrophysiological disorganization induced by NMDAR encephalitis may underlie 

reduced BOLD signal fluctuations.

The chief caveat in the present work is the requirement of sedation with several neuro-active 

medications at the time of the first imaging study in our patient—especially propofol. 

Propofol sedation may alter BOLD signal fluctuations and FC, potentially confounding the 

interpretation of results. However, the profound loss of intrinsic BOLD signal fluctuations 

reported here has not been described within a robust literature evaluating propofol effects in 
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healthy individuals.[8, 33, 35] Similarly, it is unlikely that the use of sedative medication 

accounted for the high amplitude, diffusely slowed delta-frequency rhythm recorded via 

EEG near the time of imaging. On the contrary, propofol general anesthesia (associated with 

doses between 100–200 μg/kg/min) is more commonly associated with higher frequency 

oscillations (in the alpha range), with maximum power and coherence at 10 Hz.[2] Thus, 

although it is likely that propofol sedation contributed to changes in intrinsic activity, we 

conclude that pharmacological sedation does not account for the profound disruption of 

intrinsic activity observed in our patient with NMDAR encephalitis. These observations 

suggest that NMDAR signaling plays a critical role in the mechanisms that give rise to 

organized spontaneous brain activity.
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Figure 1. 
Clinical course and interventions. A: Line diagram (from time of symptom onset) depicting 

landmarks in clinical care, emergence of symptoms and signs (phenotype), treatments and 

the timing of electroencephalograms (EEG1 and EEG2) and structural / functional 

neuroimaging (Visit1 and Visit2). B: Abnormal EEG showing diffuse, rhythmic, delta 

activity at 1–3 Hz with superimposed bursts of rhythmic 20–30 Hz beta frequency activity 

riding on each delta wave (“extreme delta brush”[48]). C: Normal EEG with characteristic 

posterior-dominant alpha rhythm (8–13 Hz).
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Figure 2. 
BOLD signal amplitude is diminished in a patient with NMDAR encephalitis. A: Mean 

BOLD temporal standard deviation derived from 45 age-matched healthy individuals. 

Yellow boxes correspond to DMN ROIs and orange boxes correspond to non-DMN ROIs. 

The control group demonstrates strong grey versus white matter contrast. B: Temporal 

standard deviation at Visit1 in the same style as A. Grey versus white matter contrast is 

markedly diminished and the overall amplitude is reduced. C: Temporal standard deviation 

at Visit2 in the same style as A. Grey versus white matter contrast is restored and the overall 
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amplitude is restored. D: The temporal standard deviation of the BOLD signal measured in 

ROIs from each of 5 RSNs shown below the corresponding set of bars. Black bars indicate 

healthy individuals (±1 standard deviation); grey bars correspond to Visit1; white bars 

correspond to Visit2.
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Figure 3. 
BOLD organization and amplitude is disrupted in a patient with NMDAR encephalitis. Top 

row shows BOLD correlation matrices; the bottom row shows BOLD covariance matrices. 

The salient difference in these results is that the former is normalized with respect to signal 

amplitude. A: BOLD correlation and covariance matrices derived from 45 age-matched 

healthy individuals. Rows and columns index individual regions of interest; the color 

indicates the correlation/covariance value of the BOLD signal extracted from ROIs. The 

prominent blocks represent RSNs. B: RSN structure is absent at Visit1. The covariance 

matrix emphasizes that the signal is both disorganized and has low amplitude. C: RSN 

structure and amplitude is restored at Visit2. D: Quantification of this observation is 

achieved by comparing the five largest eigenvalues of the matrices in healthy individuals 

(black line, grey area is +/− 1SD), Visit1 (magenta) and Visit2 (teal). The Visit1 result is 

abnormally flattened while the Visit2 result is within the normal range.
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Figure 4. 
RSN topography is disrupted and recovers during NMDAR encephalitis. Seed-based 

functional connectivity maps for healthy individuals (first column), Visit1 and Visit2. Seed 

regions for each network were posterior cingulate cortex (DMN), left frontal eye field 

(DAN), dorsal medial prefrontal cortex (CON), anterior cingulate (SAL), left primary motor 

cortex (SMN) and right primary visual cortex (VIS) indicated in white. Conventional 

functional connectivity was calculated between the seed region and all other voxels. 

Resulting correlations were Fisher z-transformed.  maps were thresholded voxel-wise 

 and only suprathreshold clusters consisting of more than 100 voxels are shown. 

Healthy individuals demonstrate focal and defined RSN topographies that are absent at 

Visit1 and restored at Visit2. Images are presented in radiologic convention.
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