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Background: Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is an autoimmune disease with typical clinical features. Whether and how cerebral gray matter structural damage inherent to the disorder affects cognitive function in patients is still unclear. Therefore, this study aimed to explore the changes in cerebral gray matter volume and whether these alterations contribute to cognitive impairment and mood disorders.

Methods: Forty patients with anti-NMDAR encephalitis and forty healthy controls (HCs) matched for gender, age, and education were recruited. All participants underwent attention network tests (ANT), neuropsychological tests and magnetic resonance imaging (MRI). Voxel-based morphological analysis (VBM) and correlation analysis was performed on all participants. Finally, according to the course of disease, patients were divided into two groups: NMDARE_SD (short duration; course ≤ 2 years since diagnosis) and NMDARE_LD (long duration; course >2 years since diagnosis), to evaluate gray matter volume changes that differ as a function of disease course.

Results: Compared to HCs, patients with anti-NMDAR encephalitis showed decreased executive control ability and lower MoCA score, while increased anxiety and depression as reflected by HAMA and HAMD24 scores (all P < 0.05). In VBM analysis, patients showed decreased gray matter volume in bilateral thalamus, left medial prefrontal cortex (mPFC_L), left superior temporal gyrus (STG_L), and left rectus gyrus. In the analysis stratified by disease course, the NMDARE_LD group exhibited decreased gray matter volume in the left precuneus and right posterior cerebellar lobe compared to the NMDARE_SD group.

Conclusions: Patients with anti-NMDAR encephalitis have cognitive, executive, and emotional dysfunction, and the sites of gray matter atrophy are concentrated in the thalamus, frontal lobe, and temporal lobe. These abnormalities may be involved in the process of cognitive and affective dysfunction.Patients with different courses of anti-NMDAR encephalitis have different brain atrophy sites. These results may help to clarify the contradiction between clinical and imaging manifestations of anti NMDAR encephalitis, which is worthy of further longitudinal studies.
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Introduction

Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is the most common type of autoimmune encephalitis (1), accounting for about 80% of autoimmune encephalitis cases (2). A recent study showed that the incidence of anti-NMDAR encephalitis is higher than that of any common viral encephalitis in patients under the age of 30 (3). The pathogenic mechanism may be the rapid and reversible decrease of NMDARs, which affects synaptic plasticity in neurons, resulting in the loss of NMDAR-mediated synaptic function and corresponding neurological dysfunction (4). The clinical manifestations of anti-NMDAR encephalitis include mental and behavioral abnormalities, memory and cognitive impairment, seizures, central hypoventilation, motor dysfunction, and even death in severe cases (5). The largest anti-NMDAR encephalitis cohort study to date showed that after 24 months of follow-up, 81% of patients had a good prognosis, 13% of patients relapsed, and 6% of patients died (6). In addition, even after recovery, patients often experience permanent neurological dysfunction, especially in cognitive areas such as memory, attention, and executive control function (7, 8).

The diagnosis of anti-NMDAR encephalitis mainly relies on typical clinical manifestations and detection of specific antibodies in cerebrospinal fluid or serum (9). Conventional magnetic resonance imaging (MRI) is often used to assist in diagnosis, and 33–55% of patients show abnormal brain MRI results (10). Evidence of brain damage is often observed in the medial temporal, frontal, and parietal cortex, but occasionally shows in the cerebellum, thalamus, basal ganglia, brainstem, and spinal cord (11). Numerous studies have reported structural and functional changes in multiple brain regions in patients with anti-NMDAR encephalitis based on functional MRI and diffusion tensor imaging, which are associated with cognitive impairment and other clinical symptoms (12). Common abnormalities reported in positron emission tomography (PET) studies include hypermetabolism in frontal, insular, and temporal areas, and hypometabolism in the parietal and occipital lobes (10, 13), indicating functional brain abnormalities in patients with anti NMDAR encephalitis. In the study of brain structure, some studies reported that patients with anti-NMDAR encephalitis had reversible diffuse brain atrophy (14), but one case report of a 25-year-old female patient showed that, despite a normal baseline MRI scan, the patient showed atrophy of the frontal cortex after 9 months of follow-up (15). Whether and how the cerebral gray matter structural damage affects cognitive function in patients is still unclear. Studying the effects of antibody-mediated NMDAR dysfunction on brain gray matter structure and its relationship with clinical symptoms provides a new perspective for understanding its underlying mechanisms.

With the continuous advancements of neuroimaging technology, more and more methods are being applied to the study of anti-NMDAR encephalitis. Among them, voxel-based morphological analysis (VBM) is a method of assessing brain structure at the voxel level. The analytical technology can quantitate changes in the gray and white matter signals and volume of local brain regions, thereby accurately characterizing the morphological changes in brain tissues. Compared with traditional region of interest (ROI) measurement, VBM can detect subtle brain structural abnormalities, thereby improving the statistical validity of morphological analysis (16). This method has been widely used in research on epilepsy, Parkinson's disease, Alzheimer's disease, and schizophrenia (17–20), which can provide strong evidence to explain the underlying pathophysiological mechanisms of disease. Our research results can complement the previous imaging studies on anti-NMDAR encephalitis.

Most of the current studies evaluating brain structural changes in patients with anti-NMDAR encephalitis are case reports, and there is a lack of studies implementing control groups. A recent study on the gray matter changes in autoimmune encephalitis, including anti-NMDAR encephalitis, showed that there were different atrophy patterns between patients with a disease duration of ≤ 2 years and those with a disease duration of >2 years (21). However, gray matter changes were not specifically assessed in patients with anti-NMDAR encephalitis with different courses of disease. Therefore, this study systematically evaluated cognitive, executive control, and emotional functions in conjunction with gray matter volume changes of anti-NMDAR encephalitis patients. The purpose of this study is to explore whether the damage to gray matter structure in patients with anti-NMDAR encephalitis is related to cognitive, executive, and emotional dysfunction, and whether there are differences in the pattern of gray matter atrophy in patients with different disease courses.



Materials and methods


Participants

In this study, 40 patients with anti-NMDAR encephalitis were recruited from the Department of Neurology of the first affiliated Hospital of Guangxi Medical University from June 2018 to June 2021, and 40 healthy controls (HCs) without neuropsychiatric disease matched for sex, age, and education were recruited from the community. According to the diagnostic criteria of anti-NMDAR encephalitis (22), the inclusion criteria for patients in this study included: (1) presenting with one or more of the following symptoms: abnormal mental behavior or cognitive impairment, seizures, autonomic nervous dysfunction or central hypoventilation, dyskinesia or involuntary movement, disturbance of consciousness, or speech disorder; (2) The cerebrospinal fluids of all patients were sent to an independent third-party commercial testing center for anti-NMDAR antibody detection using a cytometric bead array (CBA) commercial kit. All patients were right-handed and between 18 and 60 years old. Exclusion criteria included the presence of other neuropsychiatric disorders that may affect cognition, drug abuse, or contraindications for MRI.

To study the brain atrophy of patients with anti-NMDAR encephalitis with different disease courses, the patients were divided into two groups: those with short duration of disease (≤ 2 years since diagnosis: NMDARE_SD) and those with a long duration of disease (>2 years since diagnosis: NMDARE_LD). The duration of disease was calculated from the time when the patients were diagnosed with anti-NMDAR encephalitis until the day of the MRI scan.

The study protocol was approved by the First Affiliated Hospital of Guangxi Medical University Ethics Committee.



Behavioral tasks and neuropsychological tests

Behavioral tasks and neuropsychological tests were performed on all subjects on the day of MRI scans, including the Attention Network Test (ANT) to assess executive function, the Montreal Cognitive Assessment test (MoCA) to assess general cognitive function, and the Hamilton anxiety scale (HAMA) and Hamilton Depression scale-24 (HAMD24) to assess anxiety and depression, respectively. The clinical scales were validated for the native language of the patients.

Executive control (EC) function for all subjects was evaluated by ANT software (23). Testing was conducted in a quiet environment to ensure minimal disturbance to the subjects. Before starting the test, participants performed 24 training trials under guidance to familiarize themselves with the procedure. The formal examination was divided into three modules, with each module containing 32 times, for a total of 96 trials. The whole exam lasted approximately 25 min. At the beginning of the experiment, a fixation cross (+) was presented in the middle of the computer screen, followed by presentation of the target stimulus (five arrows arranged horizontally) above or below the cross for 1,700 ms. The target stimulus contained three types of arrows: non-conflict (neutral, no interference, only the middle arrow points left and right, and four unpainted “-” on the side), consistent (five arrows point to the same, all to the left or right) and inconsistent (the middle arrow points a direction inconsistent with the direction of the four surrounding arrows). Participants were positioned 60 cm from the front of the screen with their fingers placed on the left and right mouse buttons. They were instructed to judge the direction of the middle arrow and press the corresponding mouse button (i.e., the left mouse button for arrows pointing left, the right mouse button for arrows pointing right). The system automatically identified and recorded reaction time (RT) for each trial. After a choice was made or the time limit expired, the next trial began.

The executive control score was measured as follows:
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A higher EC scores indicates worse executive function.



MRI data acquisition

MRI data were acquired using an Achieva 3.0-T MRI scanner with a 12-channel head coil (Philips, Amsterdam, Netherlands). During the scanning process, rubber earplugs were used to reduce noise and foam pads used to fix the head to minimize potential motion artifacts. Subjects were instructed to stay awake and relaxed, think of nothing, and keep their eyes closed. Fast gradient echo sequences were used to obtain T1W structural images. The scanning parameters were as follows: repetition time (TR) = 7.8 ms, echo time (TE) = 3.4 ms, slice thickness = 1.4 mm, layer spacing = 1.4 mm, flip angle = 20°, layer number = 176.0 mm, visual field = 240 × 240 mm, voxel size = 1 × 1 × 1 mm, matrix = 256 × 256, and scanning time = 5 min 49 s. Moreover, no obvious lesions were identified in all T1 images after visually checked by two experience radiologists.



MRI data preprocessing

SPM8 software based on Matlab2013b was used to preprocess T1-weighted (T1W) images for all subjects. The steps included conversion of all images from DICOM format to NifTI format, normalization to standard montreal neurological institute (MNI) space, and smoothing with an 8-mm FWHM kernel. At the whole brain level, a voxel-wise two-sample T-test was performed to compare gray matter volume differences between patient and control groups, with age, gender, education, and whole brain volume as covariates, separately [P < 0.05, family-wise error (FWE) corrected].

To further analyze whether patterns of gray matter atrophy differ as a function of disease course, patients were dichotomized into NMDARE_SD and NMDARE_LD groups. A voxel-wise two-sample T-test was performed to identify brain regions with different gray matter volume between the two groups, with age, gender, education, and whole brain volume as covariates, separately (P < 0.001 uncorrected).



Statistical analysis

General demographic data were analyzed by SPSS25.0 software. The data are reported in the form of mean ± standard deviation. Categorical variables (e.g., gender) were compared by Chi2 test. Group differences in demographic and clinical characteristics such as age, education level, MoCA, HAMA, HAMD24 and EC scores were assessed by two-sample T-test. Gray matter volumes of patients with anti-NMDAR encephalitis in those brain areas which showed significant differences in the patient group vs. HCs group, and NMDARE_SD vs. NMDARE_LD were extracted, and Pearson correlation analysis was performed to determine the relationship between gray matter volume and disease duration, MoCA, HAMA, HAMD24 and EC scores. P < 0.05 indicated a statistically significant difference.




Results


Comparison between patients and HCs
 
Demographic data and scale scores

Forty patients with anti-NMDAR encephalitis were enrolled in this study, including 16 males and 24 females. Among them, 22 patients had a disease duration of ≤ 2 years, while 18 patients had a disease duration of >2 years. The patients showed typical clinical symptoms, including headache, fever, psychiatric symptoms, dyskinesias/movement disorders, and seizures. Six patients (15%) had experienced a relapse and were hospitalized again. All patients received standard immunotherapy after the onset of the disease and had completed the course of immunotherapy prior to study enrollment. The detailed clinical data are shown in Table 1. When evaluating the clinical scale, the patient with cognitive and emotional disorders should be admitted to the Department of Neurology and Psychology in time.


TABLE 1 Clinical data of patients with anti-NMDAR encephalitis.
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There were no significant group differences in age, sex, or years of education, but the MoCA scores in the patients were significantly lower than those in the HCs. The HAMD24 and HAMA scores, and executive control scores were significantly higher in patients compared to HCs, indicating poorer function. The demographic details and neuropsychological test data are shown in Table 2.


TABLE 2 Comparison of demographic details and neuropsychological tests data between the Patients and healthy controls.
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VBM analysis

Compared with HCs, gray matter volume in bilateral thalamus, left medial prefrontal cortex (mPFC_L), left superior temporal gyrus (STG_L), and left rectus gyrus was lower in patients with anti-NMDAR encephalitis. No elevations in gray matter volume in patients relative to controls were observed. See Table 3, Figure 1 for details.


TABLE 3 Brain regions with a significantly decreased volume of gray matter in patients compared to healthy controls.
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FIGURE 1
 Brain regions with a significantly decreased volume of gray matter in anti-NMDAR encephalitis patients compared to healthy controls.





Anti-NMDAR encephalitis subgroup analysis
 
Demographic data and scale scores

There were no significant differences in age, sex, or years of education between the NMDARE_SD and NMDARE_LD groups, and there were no significant differences in cognitive function (MoCA), EC scores, or mental and emotional scores (HAMD24, HAMA). The detailed clinical data are shown in Table 4.


TABLE 4 Comparison of clinical data between the NMDARE_SD and NMDARE_LD.
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VBM analysis

The two-sample T test results between NMDARE_SD and NMDARE_LD groups showed that NMDARE_LD patients had significantly more atrophy in the left precuneus and right posterior cerebellum (PCL_R) (P < 0.001 uncorrected; Figure 2, Table 5). No brain regions had showed increased volume in the NMDARE_LD group compared to the NMDARE_SD group.


[image: Figure 2]
FIGURE 2
 Brain regions with a significantly decreased volume of gray matter in NMDARE_LD compared to NMDARE_SD.



TABLE 5 Brain regions with a significantly decreased volume of gray matter in NMDARE_SD compared to NMDARE_LD.
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Correlation analysis

Pearson correlation analysis was performed to assess the relationships between the gray matter volume of bilateral thalamus, mPFC_L, STG_L, left straight gyrus, left precuneus, PCL_R, and disease duration, MoCA, HAMA, HAMD24, EC score. As shown in Figure 3, EC score was negatively correlated with gray matter volume in mPFC_L (r = −0.455, P = 0.003) and the right thalamus (r = −0.321, P = 0.044). STG_L gray matter volume was positively correlated with MoCA score (r = 0.416, P = 0.008), the course of the disease was both negatively correlated with left precuneus (r = −0.567, P < 0.001), and PCL_R (r = −0.375, P = 0.017). There were no significant correlations between the gray matter volume of these brain regions and HAMA and HAMD24 scores (P>0.05).
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FIGURE 3
 Correlation analysis: (A) The executive control (EC) scores was negatively correlated with the left medial prefrontal cortex (mPFC_L) volume (r = −0.455 p = 0.003), (B) The EC scores was negatively correlated with right thalamus volume (r = −0.321 p = 0.044), (C) The Montreal Cognitive Assessment test (MoCA) scores was positively correlated with left superior temporal gyrus (STG_L) volume (r = 0.416 p = 0.008), (D) The disease duration was negatively correlated with the left precuneus volume (r = −0.567 p < 0.001), (E) The disease duration was negatively correlated with the right posterior cerebellum (PCL_R) volume (r = −0.375 p = 0.017).





Discussion

In this study, VBM was used to investigate gray matter morphological changes in 40 patients with anti-NMDAR encephalitis and 40 HCs. The results showed that patients exhibited decreased gray matter volume in several brain regions compared with HCs, including the bilateral thalamus, mPFC_L, STG_L, and left rectus gyrus. When stratifying patients into NMDARE_SD and NMDARE_LD groups, we found that, compared with NMDARE_SD patients, NMDARE_LD patients had more obvious atrophy in the left precuneus and PCL_R. compared with NMDARE_SD patients. These results indicate that patients with anti-NMDAR encephalitis have partial gray matter atrophy, and patients with different courses have different atrophy patterns. Further correlation analyses showed that these changes were related to patients' cognitive dysfunction, including executive control.

The thalamus is the relay center of nerve signal transduction processes, which is involved in sensory and motor functions. Thalamic neurons receive sensory or stimulus signals from the rest of the body and project to the cerebral cortex through nerve fibers (thalamocortical tract). The formation of the cortico-striato-thalamo-cortical loop is an important neural structure in the cerebral cortex for identification of sensory properties, localization, and emotional responses to sensory stimuli. It plays an important role in maintaining alertness, emotion, and other cognitive functions (24). In this study, we found that the bilateral thalamic gray matter volume in patients with anti-NMDAR encephalitis was smaller than that in HC group. Mousa Zidan et al. found that thalamic atrophy occurred in patients with AD and mild cognitive impairment (MCI), and that the decrease in thalamic gray matter volume was associated with cognitive decline in MCI patients at the early stage of the disease, which can be used as a biomarker to predict the progression from MCI to dementia (25). Ming-ge Li et al. found that total thalamic volume and the volume of seven thalamic subregions decreased in patients with Parkinson's disease, which was related to cognitive function (26). Thalamic atrophy is also found in patients with schizophrenia and bipolar disorder (27). At the same time, in a case report, magnetic resonance imaging of anti-NMDAR encephalitis patients showed bilateral thalamic hyperintensity with limited diffusion (28), which is consistent with the results of this study. There are extensive structural connections between the thalamus and prefrontal lobe, hippocampus, and other structures (29, 30). Therefore, we speculate that thalamic atrophy plays an important role in the process of cognitive impairment in patients with NMDAR encephalitis.

Our results show that gray matter volume in the mPFC_L, STG_L, and left rectus gyrus shrinks in patients with anti-NMDAR encephalitis. These brain regions are important nodes of the default mode network (DMN), and DMN damage in patients with anti-NMDAR encephalitis has been previously confirmed (31). The mPFC is involved in several execution processes, including response inhibition, inhibition control, and task switching (32–34), and it can perform self-control, avoid short-sighted behaviors, appropriately regulate emotions and reactions, make decisions, and consider how to solve problems and their consequences for long-term goals. The superior temporal gyrus is a brain region closely involved in cognitive functions such as hearing and semantic understanding (35). During a 9-month follow-up, frontal cortical atrophy was found in patients with anti-NMDAR encephalitis (15). In a study of quantitative and qualitative analysis of gray matter in patients with anti-NMDAR encephalitis, the temporal lobe was the primary region exhibiting atrophy, and 74% of the patients had epileptic activity (36). The common abnormalities in PET imaging include hypermetabolism in the frontal and temporal lobes, and studies have shown that the degree of frontotemporal lobe damage is positively correlated with the severity of the disease (10, 13, 37). As previously reported, atrophy is mainly seen in the frontotemporal region in anti-NMDAR encephalitis patients. This region includes a high density of NMDA receptors, and the binding epitope of the antibody is part of the NR1 subunit of NMDARs on the postsynaptic dendrites of the forebrain and hippocampus (38, 39). This may be the immunological cause of cognitive impairment in patients with anti NMDAR encephalitis.

Follow-up reports of anti-NMDAR encephalitis are somewhat controversial, as some studies observed reversible diffuse brain atrophy in patients, but others reported that atrophy in some regions was irreversible. Therefore, this study divided patients into NMDARE_SD and NMDARE_LD groups to study whether there are differences in the structure of brain gray matter in patients with different disease courses. We found that, compared with the NMDARE_SD group, gray matter volume of the posterior cerebellum and the precuneus was decreased in the NMDARE_LD group, and gray matter volume in the anterior and posterior cerebellar lobes was negatively correlated with the course of disease. Cerebellar projections pass through the thalamus and into the prefrontal lobe, sensorimotor area, visual and auditory cortex, etc., and participate in motor control and regulation of advanced cognitive functions. Cerebellar posterior lobe injury can lead to cerebellar cognitive-affective syndrome, which is characterized by deficits in executive function, visual spatial processing, language skills, and emotional regulation. The relationship between the cerebellum and cognitive function has been confirmed (40, 41). A follow-up study of anti-NMDAR encephalitis for more than 10 years found that some patients had reversible diffuse atrophy in some regions, but that cerebellar atrophy was irreversible (42). The precuneus is an important DMN node, which is closely related to self-cognition, monitoring the surrounding environment, introspection, and modulating the interaction between cognition and emotion (43). A previous study assessing cortical thickness reported DMN gray matter atrophy in patients with anti NMDAR encephalitis (44). The above results were not corrected for multiple comparisons, although a recent meta-analysis based of resting state fMRI data showed that strict multiple comparison correction could not increase the reliability of the results in a single study with small samples (45). Therefore, one should be cautious when interpreting the findings from subgroup analysis, and independent large samples and longitudinal self-control study are needed to confirm this observation in the future. The purpose of the cross-sectional study between NMDARE_LD and NMDARE_SD groups was to explore the gray matter atrophy pattern of patients with anti-NMDAR encephalitis at different diseases stages, which may serve as the basis for a longitudinal cohort study.

In the correlation analysis, we found a negative correlation between EC scores and gray matter volume of the mPFC_L and right thalamus, and a positive correlation between STG_L volume and cognitive ability. There are many fibrous connections between the frontal lobe, the temporal lobe, and the thalamus (29, 30, 46). When these brain regions atrophied significantly, the cognitive function, including memory and executive function, became worse. A study analyzed T1W MRI images of nearly 800 patients with anti-NMDAR encephalitis and found that abnormal sites were concentrated in the temporal lobe, frontal lobe, and thalamus, among others (47). This is consistent with the current findings, further supporting the accuracy of our results. The HAMD and HAMA scores of anti-NMDAR encephalitis decreased significantly, which indicated that the patients had anxiety and depression. Zhang et al. (48) showed that patients with anti-NMDAR encephalitis had depressive symptoms and the risk of suicide was higher than normal people, which suggesting that we should pay close attention to their emotional abnormalities in the process of treatment and rehabilitation. However, to our surprise, there is no significant correlation between VBM differential brain regions and HAMD and HAMA scores, which may be due to a variety of mental symptoms of anti-NMDAR encephalitis, or HAMD and HAMA cannot fully reflect the unique mental symptoms of patients.

Despite many meaningful findings in our study, there are still some limitations. (1) The course of disease of the patients is inconsistent, and different courses of disease may affect the results. Although we conducted further analysis in patients with different courses of disease to evaluate the progression of anti-NMDAR encephalitis, the results did not pass the multiple comparison correction test, even if the FWE/ False Discovery Rate (FDR)/Gaussian random fields (GRF)/Alphasim correction was calculated. These results can only be used as an exploratory analysis, and further longitudinal studies are still needed to corroborate the current findings. (2) Different etiologies, clinical manifestations, and treatment plans in patients may have a certain impact on the outcome, and their impact on our results cannot be ruled out at present. (3) The sample size is relatively small, and a larger sample size survey is needed to verify our results in the future. Therefore, future research should continue to expand the sample size and improve the experimental design to minimize these limitations.



Conclusions

In conclusion, the current study confirmed that there was gray matter atrophy in anti-NMDAR encephalitis patients using VBM analysis. Gray matter atrophy was observed in the bilateral thalamus, frontal lobe, and temporal lobe. The gray matter atrophy of thalamus and frontal lobe is related to a decline in executive function, while that of temporal lobe is related to cognitive impairment. In addition, compared with the patients with short courses of disease, patients with long courses of disease demonstrated atrophy of the posterior cerebellar lobe and precuneus lobe. These findings highlight the necessity of observation and follow-up in convalescent patients with anti-NMDAR encephalitis to prevent persistent damage to their cognitive function. Overall, these results may help us better understand the potential pathophysiological mechanism of anti-NMDAR encephalitis.
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