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Autoimmune encephalitis is an inflammatory neurological disorder characterized by psychiatric symptoms, cognitive impairment, and focal neu-
rological deficits or seizures. Sleep disturbances are not a major consideration in the diagnosis and treatment of patients with autoimmune en-
cephalitis. Various types of sleep disturbances are frequent, severe, and long-lasting, which can compromise the recovery and quality of life in 
patients with autoimmune encephalitis. Sleep disorders in patients with autoimmune encephalitis have received limited attention, and the 
prevalence and pathophysiological mechanisms of sleep disorders remain unclear. Recent studies have suggested that early recognition of 
specific sleep disturbances may provide clues for diagnosing autoimmune encephalitis. Furthermore, early diagnosis and treatment of sleep 
disturbances can promote recovery and improve long-term outcomes in patients with autoimmune encephalitis. In this report, we aimed to pro-
vide a comprehensive and extensive understanding of the clinical relevance of autoimmune encephalitis and specific related sleep disorders. 

Keywords: Encephalitis, Dyssomnia, Sleep disturbances, Polysomnography  

Introduction 
Sleep is a complex functional process, and almost one-third 

of a human lifetime is allocated to sleep [1]. In humans, sleep, 

which is not simply a state of rest, comprises multiple cyclic 

stages, including slow-wave sleep and rapid eye movement 

(REM) sleep [2]. Sleep disturbances resulting from insomnia, 

central disorders of hypersomnolence, sleep-related breath-

ing disorders, and sleep-related movement disorders foster 

development of cardiovascular or cerebrovascular disorders. 

Sleep disturbances are common in antibody-associated dis-

eases of the central nervous system (CNS), also known as au-

toimmune encephalitis [3]. Sleep problems are commonly se-

vere and persistent even after the acute phase of autoimmune 

encephalitis. Diverse types of sleep disorders, including sleep-

wake disorders (e.g., hypersomnolence and insomnia) and 

sleep-related breathing disorders, may occur in patients with 

autoimmune encephalitis. However, sleep disturbances in au-

toimmune encephalitis have received little attention; thor-

ough studies are lacking, as the literature mostly comprises 

case reports. 

In the current review, we aimed to investigate specific 

sleep-related symptoms and disorders in autoimmune en-

cephalitis and to highlight each sleep disorder reported in as-

sociation with autoimmune encephalitis.  

Assessment of Sleep Disturbances in 
Autoimmune Encephalitis  
Sleep history 
Detailed information on sleep history and medical history 

should be obtained from patients with sleep disturbances. 

Detailed evaluation of sleep history is mostly restricted in pa-

tients with autoimmune encephalitis though sleep apnea may 

be witnessed by a caregiver. Sleep-related information may 
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also be obtained from a caregiver because patients with auto-

immune encephalitis, particularly those with cognitive im-

pairment, may not describe their sleep status appropriately. 

Therefore, simplified and structured questionnaires may be 

useful to estimate sleep problems in autoimmune encephali-

tis. Sleep history and questionnaires should focus on the 

prevalent sleep disturbances, including hypersomnolence, 

insomnia, parasomnia, and sleep-related breathing disorders. 

Sleep questionnaires 
The Epworth sleepiness scale (ESS) and Stanford sleepiness 

scale (SSS) are useful for detecting and quantifying subjective 

daytime sleepiness [4,5]. The total ESS score ranges from 0 to 

24, with a score of 11 or more reflecting excessive daytime 

sleepiness. The SSS contains a 7-point scale ranging from 1 

(very alert) to 7 (very sleepy). 

The Pittsburgh Sleep Quality Index (PSQI) is a useful ques-

tionnaire for estimating sleep quality and quantity during the 

previous month [6]. The PSQI consists of 19 self-rated ques-

tions used to calculate the seven-dimensional components of 

sleep, which are evaluated on a scale of 0 to 3 points: subjec-

tive sleep quality, sleep latency, sleep duration, habitual sleep 

efficiency, sleep disturbances, use of sleep medication, and 

daytime dysfunction. Global PSQI score, ranging from 0 to 21, 

is the sum of the seven component scores, with higher values 

indicating poorer sleep quality. A cutoff value of 5 for the 

global PSQI score is used to distinguish poor sleepers ( > 5) 

from good sleepers ( ≤ 5). 

The REM sleep behavior disorder screening questionnaire 

was developed to assess the cardinal features of REM sleep 

behavior disorders according to the International Classifica-

tion of Sleep Disorders [7]. The questionnaire contains 10 

questions with 13 items that focus on dream enactment be-

havior and symptoms related to CNS diseases. In the original 

validation study [8], a cutoff score of 5 was defined in a cohort 

with heterogeneous REM sleep behavior disorder. The Korean 

version of the questionnaire is valid and reliable for estima-

tion of symptoms and severity of REM sleep behavior disorder 

in South Koreans [9]. The REM sleep behavior disorder 

screening questionnaire can be a useful tool for diagnosis of 

REM sleep behavior disorder in patients with autoimmune 

encephalitis who present with vigorous, violent, and jerky 

movements with talking during sleep. 

The STOP-Bang questionnaire (SBQ) and Berlin question-

naire (BQ) were used to identify subjects at risk for sleep ap-

nea [10,11]. The SBQ consists of eight items, ranging in score 

from 0 to 8, requiring dichotomous responses related to sleep 

apnea, snoring, tiredness, witnessed sleep apnea, high blood 

pressure, body mass index, age, neck circumference, and sex 

[10]. A cutoff value ≥ 3 denotes a high risk of moderate-to-se-

vere obstructive sleep apnea (OSA), and that < 3 denotes a 

low risk [12]. The BQ contains 10 questions focused on three 

categories of snoring behavior (category 1, questions 1–5), 

daytime sleepiness or fatigue (category 2, questions 6–9), and 

obesity or hypertension (category 3, question 10). Persistent 

and frequent symptoms ( > 3–4 times per week) in at least two 

of the three categories are considered to denote a high risk for 

sleep apnea [11]. 

Overnight polysomnography 
Polysomnography (PSG) is a standard diagnostic tool that ob-

jectively confirms sleep architecture, sleep patterns, and the 

presence of sleep disorders. The total sleep time may be 

shortened due to prolonged sleep latency, frequent arousal, 

and elevation of wakefulness after sleep onset. For 1 week be-

fore the PSG study, the patients are instructed not to drink al-

cohol or caffeinated beverages and to sleep and wake regular-

ly. The PSG contains a six-channel electroencephalogram 

(EEG), a four-channel electrooculogram, an electromyogram, 

and an electrocardiogram. A thermistor, nasal air pressure 

monitoring sensor, oximeter, piezoelectric bands, and body 

position sensor are applied to the patient. 

Combined polysomnography and video-
electroencephalogram monitoring 
The standard montage used in overnight PSG, including bilat-

eral frontal, central, and occipital leads, is limited in its ability 

to differentiate nocturnal seizures and parasomnia compared 

with extended EEG montages [13,14]. Combined PSG with 

standard EEG montage utilizing an 18-channel EEG could 

provide accurate diagnostic value for sleep disorders in both 

adults and children with epilepsy [13,15]. 

Sleep Disturbances in Autoimmune 
Encephalitis 
Central disorders of hypersomnolence (excessive 
daytime sleepiness) 
Hypersomnolence is a term that describes the symptom of 

excessive sleepiness, whereas hypersomnia indicates specific 

disorders including idiopathic hypersomnia. Scales such as 

the ESS or SSS can be useful for detecting or quantifying the 

degree of excessive daytime sleepiness. Severe reduction of 

total sleep time reportedly occurs at disease onset and is fol-
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lowed by hypersomnia during the recovery phase in patients 

with anti–N-methyl-ᴅ-aspartate (NMDA) receptor encephalitis 

[16]. Hypersomnia is prevalent in specific autoimmune en-

cephalitides, including anti–α-amino-3-hydroxy-5-meth-

yl-4-isoxazolepropionic acid receptor encephalitis, anti–di-

peptidyl-peptidase-like protein 6 (DPPX) encephalitis, and 

anti-IgLON5 (immunoglobulin-like cell adhesion molecule 5) 

disease [3]. Cataplexy is defined as more than one episode of 

generally brief ( < 2 minutes) sudden loss of muscle tone with 

retained consciousness [17]. Excessive daytime sleepiness 

and cataplexy are core features of narcolepsy type 1. Narco-

lepsy with cataplexy has been reported in anti-Ma2 encepha-

litis, especially with involvement of the hypothalamus [18]. 

Narcolepsy is present in autoimmune encephalitis with an-

ti-aquaporin-4 IgG antibody [19]. However, hypersomnolence 

remains under-reported in patients with autoimmune en-

cephalitis. 

Insomnia 
Insomnia is characterized by difficulty initiating or maintain-

ing sleep, resulting in general sleep dissatisfaction [17]. The 

daily pattern of the sleep-wake cycle can be estimated with a 

sleep log (sleep-wake diary) or actigraphy, a validated nonin-

vasive accelerometer for objective measurement of sleep pa-

rameters and average motor activity over a period of days to 

weeks. Insomnia is a common sleep-related symptom in au-

toimmune encephalitis and has been reported in many auto-

immune encephalitides, including anti-NMDA receptor, an-

ti-Caspr2, and occasionally anti–leucine-rich glioma inacti-

vated 1 (LGI1) encephalitis [20-22]. Patients with insomnia 

and autoimmune encephalitis usually present with acute and 

severe insomnia (sometimes not sleeping for days or weeks), 

hallucinations, or abnormal behavior. 

Sleep-related breathing disorders 
Sleep-related breathing disorders include OSA disorders and 

central sleep apnea syndromes according to the third edition 

of the International Classification of Sleep Disorders [17]. Ap-

nea is defined as a reduction in the amplitude of airflow by 

90% or more, lasting at least 10 seconds. Apnea can be further 

classified as obstructive or central if inspiratory effort is pres-

ent or absent, respectively, throughout the period of apnea. 

Hypopnea is defined as a reduction in airflow of 30% or more, 

lasting at least 10 seconds, and associated with ≥ 3% oxygen 

desaturation or arousal [23]. OSA is graded according to the 

apnea-hypopnea index (AHI): AHI of < 5 (events/hour) is 

normal, AHI of ≥ 5 and < 15 is mild OSA, AHI of ≥ 5 and < 30 

is moderate OSA, and AHI of ≥  0 is severe OSA. 

Patients with autoimmune encephalitis are vulnerable to up-

per airway obstruction during nocturnal sleep [3]. OSA has 

been reported in patients with DPPX, LGI1, and IgLON5. In-

terestingly, patients with anti-IgLON5 disease present with 

both OSA and nocturnal laryngeal stridor, sleep-related laryn-

gospasm, commonly seen in multiple system atrophy [24,25]. 

OSA originates from obstruction of the upper airway, such as 

the pharynx; stridor is evoked from narrowing of the lower 

airway, including the larynx or vocal cords [17]. Continuous 

positive airway pressure treatment is effective in eliminating 

both stridor and sleep apnea [26]. Patients with anti-Hu en-

cephalitis present with central hypoventilation syndromes 

[27] that may be caused by brainstem dysfunction. 

Parasomnia 
Parasomnias are abnormal sleep-related complex move-

ments, behaviors, emotions, perceptions, dreams, and auto-

nomic nervous system activity [17]. Parasomnias may occur 

during REM sleep or non-REM sleep. The differential diagno-

sis of parasomnias and nocturnal seizures is complex, espe-

cially in patients with autoimmune encephalitis. Combined 

PSG with simultaneous video-EEG monitoring is crucial to 

enhance diagnostic accuracy. 

REM sleep behavior disorder, the most common form of 

REM-related parasomnia, is characterized by abnormal 

dream-related behaviors during REM sleep, resulting in injury 

or sleep disruption. This feature of REM sleep behavior disor-

der can be observed in several types of autoimmune encepha-

litis such as anti-DPPX, anti-LGI1, anti-Caspr2, anti-Ma2, and 

anti-IgLON5 [24,28-31]. In patients with NMDA receptor en-

cephalitis, both REM sleep behavior and non-REM parasom-

nia such as confusional arousal have been described [16,32]. 

Sleep-related movement disorders 
Sleep-related movement disorders are relatively simple and 

stereotypical movements that disturb sleep or its onset. Period-

ic limb movements during sleep (PLMS) are periodic episodes 

of repetitive, highly stereotyped limb movements, mostly in  

the lower extremities [17]. PLMS reportedly occurs in patients 

with anti-IgLON5 disease, anti-DPPX encephalitis, anti-LGI1 

encephalitis, and anti-Ma1/Ma2 encephalitis [28,31-33]. 

Restless legs syndrome, which is closely linked to PLMS, is a 

sensorimotor disorder with complaint of a strong, irresistible 

urge to move mostly the lower limbs [17]. New or worsening 

symptoms of restless legs syndrome were reported in patients 

with specific autoimmune encephalitis such as anti-LGI1 and 

anti-Ma1/Ma2 [32]. 
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Specific Autoimmune Encephalitis is Highly 
Linked to Sleep Disorders 
Anti-NMDA receptor encephalitis 
Sleep disorders were most frequently reported in the an-

ti-NMDA receptor form of encephalitis [34-36]. During the 

acute phase, up to 90% of patients show severely reduced 

quantity of sleep or insomnia [16,22,35,37]. During the recov-

ery phase, a shift of sleep pattern occurs from insomnia to hy-

persomnia. In video-PSG recordings, abnormal behaviors in-

cluding hyperphagia, hypersexual behavior, and confusional 

arousals are frequently associated with anti-NMDA receptor 

encephalitis.  

Morvan syndrome  
Approximately 80% of patients with Morvan syndrome have 

Caspr2 antibodies, some patients have LGI1 antibodies [38], 

and 50% of those with Morvan syndrome have thymoma [39]. 

Morvan syndrome is characterized by peripheral nerve hy-

perexcitability, autonomic dysfunction, encephalopathy with 

confusion, frequent visual hallucinations, and severe insom-

nia. The prevalence of sleep disorders is up to 93% in patients 

with Morvan syndrome [38,39]. Morvan syndrome should be 

considered if a patient presents with acute-onset severe in-

somnia, excessive sweating, and 24-hour motor hyperactiva-

tion or parasomnia with dreaming or hallucination. 

Anti-IgLON5 disease 
Anti-IgLON5 disease is characterized by unique sleep distur-

bances associated with brainstem dysfunction and gait insta-

bility. Greater than 80% of anti-IgLON5 disease patients were 

reported to suffer from sleep disturbances. Many types of 

sleep disorders, including insomnia, hypersomnia, parasom-

nia, sleep-related movement disorder, and sleep-disordered 

breathing, can be observed in anti-IgLON5 disease [24,25,40-

42]. Insomnia and hypersomnia may coexist in 70% of pa-

tients. Complex sleep behaviors with vocalization are fre-

quently observed during non-REM sleep. The characteristic 

PSG findings in previous studies are decreased total sleep 

time and abnormal non-REM sleep architecture with the ab-

sence of vertex sharp transients, sleep spindles, K-complexes, 

and delta slowing [42,43]. Sleep-related breathing disorders 

such as OSA and nocturnal laryngeal stridor are very frequent 

in patients with anti-IgLON5 disease [24,41]. REM sleep be-

havior disorders and PLMS were frequently reported in pa-

tients with anti-IgLON5 disease [31,41,44]. 

Conclusions 
Sleep disturbances are a prevalent and crucial component of 

autoimmune encephalitis. Hypersomnia, narcolepsy, insom-

nia, OSA, parasomnia, and PLMS are commonly associated 

with autoimmune encephalitis. Sleep problems should be 

highlighted to improve the diagnosis and treatment of sleep 

disorders, which can reduce morbidity and enhance long-

term outcomes in autoimmune encephalitis. Further research 

is required to elucidate the pathophysiology of each type of 

autoimmune encephalitis and associated sleep disorders. 
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Introduction 
Tuberculosis remains a global health problem, with an esti-

mated 10 million cases and 1.4 million deaths worldwide in 

2019 [1]. Extrapulmonary tuberculosis accounts for about 16% 

of all tuberculosis cases, and it is estimated that 5% to 6% of 
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Purpose 
We evaluated the associations between serum complement levels and tuberculous meningitis (TBM), bacterial meningitis (BM), and viral men-
ingitis (VM), as well as the association between serum complement levels and mortality in TBM. 

Methods 
Background information and blood/cerebrospinal fluid analysis results were collected from 2009 to 2019. Patients who had serum comple-
ment level data collected at admission and who were diagnosed with TBM (n = 97), BM (n = 31), or VM (n = 557) were enrolled. 

Results 
Initial serum complement levels were significantly lower in the TBM group than the VM group in both the total population and the propensity 
score-matched population. In the TBM and VM groups, compared to patients with initial highest-quartile C4 level, patients in the lowest quartile 
(C4 < 24.3 mg/dL) had significantly greater odds of TBM diagnosis (odds ratio, 2.2; 95% confidence interval, 1.0–4.5; p = 0.038). In the TBM 
group, patients with the lowest-quartile C3 level (<96.9 mg/dL) experienced a significantly higher 90-day mortality rate compared to other TBM 
patients (hazard ratio, 19.0; 95% confidence interval, 2.1–167.4.5; p = 0.008). 

Conclusion 
Both serum C3 and C4 levels were significantly lower in the TBM group than in the VM group. TBM patients with lower serum C3 level had a sig-
nificantly higher mortality rate than those with higher C3 level. 

Keywords: Complement system proteins, Meningitis, Tuberculosis

cases are tuberculous meningitis (TBM) [2]. The global bur-

den of TBM is estimated to be ≥ 100,000 cases per year [3]. 

TBM is the most lethal form of tuberculosis, resulting in death 

or severe disability in approximately 50% of affected patients 

due to devastating neurological sequelae such as tuberculo-
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ma formation, cranial nerve dysfunction, hydrocephalus, and 

vascular complications including stroke [4]. In contrast, most 

patients with aseptic viral meningitis (VM) experience a 

self-limiting clinical course without any neurological sequel-

ae. Therefore, rapid diagnosis of TBM followed promptly by 

optimal treatment is critical, but diagnosing TBM is often 

challenging due to delayed or inconclusive laboratory results 

because of the low sensitivity and slow speed of conventional 

bacteriology tests. Similar cerebrospinal fluid (CSF) profiles 

between VM and TBM and an indolent clinical onset with 

nonspecific initial symptoms add to the challenge of differen-

tiating these conditions [5]. 

The complement system is a major component of innate im-

munity and enhances antibody-triggered responses [6]. Al-

though the complement pathway in tuberculosis infection is 

not fully understood, pathogens in Mycobacterium activate 

the complement pathway [7]. However, the association of the 

complement system with TBM has rarely been evaluated, and 

data on clinical implications are scarce [8]. 

Due to the clinical ambiguity in the differential diagnosis of 

TBM, as well as insufficient clinical data on the role of the 

complement system in TBM, we aimed to evaluate the associ-

ation between serum complement levels and TBM compared 

to other meningitis subtypes. Moreover, we aimed to better 

understand the TBM mortality rate according to serum com-

plement levels. 

Methods 
Participants 
We used data from the Clinical Data Warehouse database, 

which is a large, integrated, harmonized database of five ter-

tiary referral medical centers belonging to the College of Med-

icine, The Catholic University of Korea, Seoul, Korea [9,10]. 

The information in this database has been collected from 

electronic medical records and order communication systems 

since April 1997 via the platforms commonly shared by the 

five referral university hospitals. Detailed information on the 

database was described in a previous study [10]. 

The study cohort consisted of patients with TBM, bacterial 

meningitis (BM), or VM who were at least 18 years of age and 

consecutively admitted to one of the five hospitals between 

December 2009 and December 2019. Participants in the TBM 

group were enrolled when they were diagnosed with possible, 

probable, or definite TBM according to the uniform TBM case 

definition by Marais et al. [11]; all patients were using antitu-

berculosis medications. We defined a case of BM as a patient 

with headache, mental status changes, and a positive CSF or 

blood culture, and these patients were treated with antibiot-

ics. The VM group included patients with no evidence of other 

meningitis caused by Mycobacterium tuberculosis, bacterial 

infection, fungal infection, autoimmune disease, injury, can-

cer, or certain drugs, and these patients achieved complete 

recovery with only conservative treatments or had positive 

CSF results according to viral polymerase chain reaction 

(PCR). Among the study cohort, only patients who had known 

serum complement levels at admission were enrolled in this 

study (Figure 1). 

Study variables 
For this study, we obtained demographic information includ-

ing age at admission, sex, admission date, discharge date, 

medical department on admission, final diagnosis, prescribed 

medications and treatments, laboratory tests (blood glucose, 

protein, sodium, procalcitonin, lactate dehydrogenase [LDH], 

and white blood cell [WBC] count; CSF WBC count, glucose, 

protein, and LDH; varicella-zoster virus [VZV] PCR; and tu-

berculosis acid-fast bacillus [AFB] stain, culture, and real-time 

PCR in CSF). AFB stain and culture for mycobacteria were 

performed using Ziehl-Neelsen staining and Middlebrook 

7H9 Broth/ Löwenstein-Jensen media, respectively. We ob-

tained serum complement levels at initial admission. 

Standard protocol approvals, registrations, and 
patient consent 
All aspects of this retrospective study were approved by the 

Institutional Review Board of The Catholic University of Korea 

(No. XC19WIDI0113), which waived the requirement for in-

formed consent. 

Figure 1 Flow diagram for recruitment

BM, bacterial meningitis; TBM, tuberculous meningitis; VM, viral menin-
gitis.

5,026 accessed for eligibility
TBM (n = 295)
BM (n = 130)

VM (n = 4,601)

685 were included in this study
TBM (n = 97)
BM (n = 31)

VM (n = 557)

4,341 were excluded for no 
available data on complement
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Statistical analyses 
All statistical analyses were performed using IBM SPSS for 

Windows version 27.0 (IBM Corp., Armonk, NY, USA). Inde-

pendent t-tests and analysis of variance were used to compare 

continuous variables. Pearson chi-square tests and Fisher ex-

act tests were used to compare categorical variables. Values 

are expressed as mean ±  standard deviation. In addition to 

analysis of absolute population numbers, we used propensity 

score matching for unbalanced numbers in each group to 

eliminate the effects of confounding variables. After adjusting 

for age, sex, and CSF profiles (including WBC count, glucose, 

and protein), two similar groups of 28 TBM or BM patients 

were extracted from the sample. Similarly, comparing BM 

versus VM, groups consisting of 28 patients with similar pro-

pensity scores were extracted, and 90 propensity score-

matched patients were extracted to compare VM and TBM. A 

cross-sectional comparison of serum complement levels was 

performed using independent t-tests between propensity 

score-matched groups. Serum complement levels were divid-

ed by quartile distribution, and odds ratios (ORs) were calcu-

lated for diagnosis of TBM compared to VM by logistic multi-

variable regression analysis in the total population and the 

propensity score-matched population. Statistical significance 

was assumed at a false-detection rate less than 5% (p <  0.05). 

Results 
Baseline analysis 
The baseline characteristics of the patients analyzed in this 

study are summarized in Table 1. In total, data from 685 par-

ticipants were analyzed. For CSF VZV PCR analysis, data from 

597 participants were available. For morality at 90 days, data 

for 630 participants were available and included in the analy-

sis. 

Age was significantly different between the three subgroups 

(TBM vs. BM vs. VM, 43.6 ±  18.2 years vs. 48.8 ±  16.0 years vs. 

40.0 ±  15.4 years; p <  0.001). Serum WBC count was signifi-

cantly higher in the BM group than in the TBM and VM 

Table 1 Baseline clinical characteristics and laboratory findings in patients with TBM, BM, and VM

Variable TBM BM VM
p-value

Among three groups TBM vs. BM BM vs. VM VM vs. TBM

No. of participants 97 31 557
Age (yr) 43.6 ±  18.2 48.8 ±  16.0 40.0 ±  15.4 < 0.001** 0.112 < 0.001** 0.001**
Female sex 45 (46.4) 14 (45.2) 284 (51.0) 0.603
Blood
 Serum WBC (× 103/μL) 8.9 ±  8.8 14.2 ±  19.8 8.5 ±  4.3 < 0.001** 0.001** < 0.001** 0.805
  LDH (U/L) 620.7 ±  1,852.7 460.4 ±  305.7 399.7 ±  768.2 0.125
  Procalcitonin (ng/mL) 2.2 ±  13.3 8.1 ±  23.0 2.9 ±  14.7 0.318
  HIV Ag/Ab positive 1 (1.0) 0 (0) 2 (0.4) 0.607
  C3 (mg/dL) 108.2 ±  32.7 108.5 ±  31.9 117.2 ±  30.2 0.012* 0.967 0.123 0.008**
  C4 (mg/dL) 28.9 ±  11.2 29.5 ±  13.0 32.8 ±  11.9 0.005** 0.804 0.13 0.003**
CSF
  WBC (/μL) 261.3 ±  544.8 512.6 ±  751.7 198.8 ±  1,195.3 0.299
  Neutrophil (%) 22.0 ±  28.8 60.3 ±  36.0 13.3 ±  24.4 < 0.001** < 0.001** < 0.001** 0.010*
    Lymphocyte (%) 64.0 ±  32.9 23.9 ±  30.6 36.9 ±  39.9 < 0.001** < 0.001** 0.08 < 0.001**
  Eosinophil (%) 2.7 ±  6.5 0.6 ±  0.5 6.5 ±  16.4 0.380
  Monocyte (%) 10.3 ±  13.5 11.7 ±  10.9 11.0 ±  13.6 0.928
  Glucose (mg/dL) 57.8 ±  27.1 60.7 ±  32.6 64.6 ±  47.6 0.386
  LDH (U/L) 150.2 ±  342.5 160.5 ±  247.3 92.0 ±  563.4 0.534
  Protein (mg/dL) 275.9 ±  677.0 206.8 ±  201.8 101.2 ±  337.8 0.001** 0.721 0.386 0.001**
 CSF tuberculosis culture, positive rate 12 (12.4) 0 (0) 1 (0.2)
 CSF tuberculosis PCR, positive rate 11 (11.3) 0 (0) 1 (0.2)
  Xpert MTB/RIFa, positive rate 13 (13.4) 0 (0) 0 (0)
 CSF VZV PCR, positive rate 2/46 (4.3) 0/19 (0) 66/532 (12.4)
Mortality at 90 days 9/88 (10.2) 4/24 (16.7) 22/518 (4.2) 0.004**

Values are presented as number only, mean ± standard deviation, or number (%).
TBM, meningitis; BM, bacterial meningitis; VM, viral meningitis; WBC, white blood cells; LDH, lactate dehydrogenase; HIV, human immunodeficiency virus; CSF, cerebro-
spinal fluid; PCR, polymerase chain reaction; VZV, varicella-zoster virus.
aXpert MTB/RIF testing, Cepheid, Sunnyvale, CA, USA.
The analyses were performed by analysis of variance, independent sample t-test, Fisher exact test, or chi-square test; *p < 0.05, **p < 0.01.
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groups (14.2 ±  19.8 ×  103/μL vs. 8.9 ±  8.8 ×  103/μL vs. 8.5 ±  

4.3 ×  103/μL, p <  0.001). Tests for human immunodeficiency 

virus (HIV) antigens/antibodies were positive in one patient 

in the TBM group and two patients in the VM group. 

In CSF analysis, the WBC profile was significantly different 

between groups, reflecting a neutrophil-dominant WBC pop-

ulation in the BM group but a lymphocyte-dominant WBC 

population in the TBM and VM groups (p <  0.001). CSF pro-

tein level was significantly higher in the TBM group than in 

the VM group (275.9 ±  677.0 mg/dL vs. 101.2 ±  337.8 mg/dL, 

p =  0.001). 

In the TBM group, the positive rates of CSF tuberculosis cul-

tures and PCR tests were 12.4% and 11.3%, respectively. The 

positive rate of Xpert MTB/RIF testing (Cepheid, Sunnyvale, 

CA, USA) was 13.4% in the TBM group. Among the 97 TBM 

patients, 14 (14.4%) were diagnosed with definite TBM, 39 

(40.2%) were diagnosed with probable TBM, and 44 (45.4%) 

were diagnosed with possible TBM. 

The CSF VZV PCR result was positive in 4.3% of patients in the 

TBM group compared to 12.4% of patients in the VM group.  

Initial serum complement C3 and C4 levels: total 
population  
Initial serum complement levels were significantly lower in 

the TBM group than in the VM group (C3: 108.2 ±  32.7 mg/dL 

vs. 117.2 ±  30.2 mg/dL, p =  0.008; C4: 28.9 ±  11.2 mg/dL vs. 

32.8 ±  11.9 mg/dL, p =  0.003), but there were no differences 

between the TBM and BM groups or between the BM and VM 

groups. 

Initial serum complement C3 and C4 levels: 
propensity score-matched population 
We performed a propensity score-matched population analy-

sis with adjustment for age, sex, and CSF profiles (including 

WBC count, glucose, and protein) (Table 2). The initial serum 

complement levels in the three subgroups showed the same 

significant difference pattern as that seen in the analysis of the 

total population. The initial serum complement levels were 

significantly lower in the TBM group than in the VM group 

(C3: 107.0 ±  32.4 mg/dL vs. 116.4 ±  29.2 mg/dL, p =  0.043; 

C4: 28.4 ±  11.0 mg/dL vs. 32.3 ±  11.6 mg/dL, p =  0.023), but 

no differences were found between the TBM and BM groups 

or between the BM and VM groups. 

Associations between serum complement levels 
and tuberculous meningitis 
In the TBM and VM groups, compared to patients in the high-

est initial C4 quartile ( ≥ 38.9 mg/dL), patients in the lowest 

quartile ( < 24.3 mg/dL) had significantly greater odds of TBM 

diagnosis, with an OR of 2.2 (95% confidence interval [CI], 

1.0–4.5; p =  0.038) (Table 3). 

Association between complement level and 
mortality at 90 days 
In the total population, the mortality rate at 90 days was 10.2% 

in the TBM group, 16.7% in the BM group, and 4.2% in the VM 

group (p =  0.004). 

In the TBM group, patients in the lowest quartile for serum C3 

level ( < 96.9 mg/dL) had a significantly higher 90-day mortali-

ty rate compared to the rest of the TBM patients (28% vs. 3.2%, 

p =  0.002) (Figure 2). After adjusting for age, sex, CSF WBC 

Table 2 Comparison of initial and lowest serum sodium levels in propensity-matched populations with TBM, BM, and VM

Propensity-matched population C3 (mg/dL) p-value C4 (mg/dL) p-value

TBM vs. BM 0.795 0.159
 TBM 28 105.9 ±  33.5 24.6 ±  9.8
 BM 28 108.1 ±  30.9 29.0 ±  12.8
BM vs. VM 0.889 0.921
 BM 28 108.1 ±  30.9 29.0 ±  12.8
 VM 28 107.0 ±  28.4 29.3 ±  13.2
VM vs. TBM 0.043* 0.023*
 VM 90 116.4 ±  29.2 32.3 ±  11.6
 TBM 90 107.0 ±  32.4 28.4 ±  11.0

Values are presented as number or mean ± standard deviation.
TBM, meningitis; BM, bacterial meningitis; VM, viral meningitis.
The propensity score was matched 1:1 between the two comparison groups controlling for age, sex, cerebrospinal fluid (CSF) white blood cell count, CSF glucose, and 
CSF protein.
The analyses were performed with the independent t-test; *p < 0.05.
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count, CSF glucose level, and CSF protein level, patients in 

the lowest quartile ( < 96.9 mg/dL) had a significantly higher 

hazard ratio (HR) for mortality at 3 months (19.0; 95% CI, 2.1–

167.4.5; p =  0.008). Patients with serum C3 level lower than 

the median value ( < 115 mg/dL) also had a significantly high-

er 90-day mortality rate compared to those with C3 level high-

er than the median value (16.3% vs. 2.6%, p =  0.040), but this 

result did not reach statistical significance after adjusting for 

confounding factors (HR, 6.5; 95% CI, 0.7–59.7; p =  0.098). 

Similarly, patients with the lowest-quartile serum C4 level 

( < 24.3 mg/dL) had a 17.9% 90-day mortality rate, while the 

rest of the patients had a 6.7% 90-day mortality rate, but this 

difference did not reach statistical significance (p =  0.136). 

Patients with lower median serum C4 level ( < 31 mg/dL) had 

a 13.7% 90-day mortality rate, whereas those with higher me-

dian level had a 5.4% 90-day mortality rate (p =  0.293). 

Discussion 
In this study, we evaluated the associations between serum 

complement levels and subtypes of infectious meningitis, in-

cluding TBM, BM, and VM. Both serum C3 and C4 levels were 

significantly lower in the TBM group than in the VM group in 

both the total and the propensity score-matched populations. 

Patients with lower serum C4 level were more likely to have a 

diagnosis of TBM than of VM. Further, TBM patients with low-

er serum C3 level had a significantly higher 90-day mortality 

rate compared to TBM patients with higher serum C3 level. 

The role of the complement system in tuberculosis infection 

has been comprehensively evaluated in many studies. The 

complement system plays a role in the pathogenesis of tuber-

culosis by opsonizing M. tuberculosis with specific C3 cleav-

age products for phagocytosis into alveolar macrophages [12]. 

The classical pathway is initiated by C1q, which binds to anti-

body-M. tuberculosis antigen complexes during the adaptive 

immune response. The binding of C1q results in cleavage of 

C4 and C2 to the C3 convertase (C4bC2b), which cleaves C3 

to produce the opsonin C3b and promote formation of the 

membrane attack complex, resulting in target cell lysis 

[7,13,14]. The lectin-binding pathway is activated by recogni-

tion of complex sugar moieties on the M. tuberculosis cell sur-

face [7], and an alternative pathway is activated by C3 conver-

tase (C3bBb) and regulated by properdin and factor H. All 

three complement pathways lead to activation of C3 conver-

tases and production of C3b, which opsonizes M. tuberculosis 

[12,13]. 

The alternative complement pathway is relatively unusual in 

the lungs compared to the classical pathway. Some research-

ers argue that the classical pathway plays a more active role in 

the pathogenesis of tuberculosis infection [12], a suggestion 

which was supported by the increased serum C1q level noted 

in active tuberculosis infection [15], as well as by the identifi-

Table 3 Independent association of serum complement 
levels with TBM compared to VM (total population of TBM 
and VM = 654)

Serum complement level
C3 (mg/dL) C4 (mg/dL)

OR (95% CI) p-value OR (95% CI) p-value

Q1 Reference Reference
Q2 1.4 (0.7–2.9) 0.366 2.0 (0.9–4.2) 0.070
Q3 1.7 (0.9–3.4) 0.133 2.0 (0.9–4.1) 0.074
Q4 1.6 (0.8–3.2) 0.206 2.2 (1.0–4.5) 0.038*

TBM, tuberculous meningitis; VM, viral meningitis; OR, odds ratio; CI, confidence 
interval.
Serum complement levels in the first quartile (Q1; C3 of ≥134.4 mg/dL, C4 of 
≥38.9 mg/dL), second quartile (Q2; C3 of <134.4 mg and ≥115.0 /dL, C4 of 
<38.9 and ≥31.0 mg/dL), third quartile (Q3; C3 of <115.0 and ≥96.9 mg/dL, C4 
of <31.0 and ≥24.3 mg/dL), and fourth quartile (Q4; C3 of <96.9 mg/dL, C4 of 
<24.3 mg/dL).
The analyses were performed with multiple logistic regression tests, controlling 
for age, sex, cerebrospinal fluid (CSF) white blood cells count, CSF glucose, and 
CSF protein; *p < 0.05.
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Figure 2 Comparison of 90-day mortality rates according to 
serum complement levels

TBM, tuberculous meningitis.
*p < 0.05, **p < 0.01.

Hansol Im et al. Complement in tuberculous meningitis

encephalitisjournal.org encephalitis |Vol. 3, No. 1| December 14, 2022 11

http://encephalitisjournal.org


cation of complement pathway gene activation in HIV-1–in-

fected patients with early tuberculosis infection [16]. In our 

study, reductions in both serum C3 and C4 levels indicate an 

overactive complement system with increased complement 

consumption in the classical pathway, which is in line with 

prior studies revealing the predominant role of the classical 

pathway in tuberculosis infection. Also, in the formation of a 

tuberculous granuloma in the central nervous system, the in-

nate immune system and specific T and B lymphocytes play a 

critical role [3,17]. The complement system is a major compo-

nent of innate immunity and enhances antibody-triggered re-

sponses. 

Serum complement level could decrease with increased com-

plement consumption by immune complexes. Representative 

examples of hypocomplementemia are systemic lupus ery-

thematosus, rheumatoid arthritis, antiphospholipid syn-

drome, cryoglobulinemia, and vasculitis, such as anti-neutro-

phil antibody-associated vasculitis. Moreover, infectious dis-

eases with large antigenic loads, such as viral infections (e.g., 

by hepatitis B and C viruses, parvovirus, and flavivirus), can 

lead to transient hypocomplementemia as antibodies com-

bine with viral antigens [18]. 

Many studies evaluating the complement system in the CSF 

revealed massive complement system activation in patients 

with BM [19-24]. However, only a few studies included blood 

complement measurements and correlated results with dis-

ease severity and outcomes in BM [19,25,26]. One study 

demonstrated a significant association between high level of 

C3 in serum negative for meningococcal antigens [25]. Two 

other studies also offered negative findings. In our study, 

there were no significant associations between serum com-

plement levels and BM compared to other meningitis sub-

types. As with BM, data on serum complement levels in TBM 

are scarce, and studies including serial blood sampling to de-

termine complement activation profiles in acute TBM are 

lacking. In a study that included 23 children with TBM and 24 

with non-TBM meningitis, serum complement was evaluated 

as a potential surrogate marker in the diagnosis of TBM, but 

no significant results were obtained [8]. However, our study 

included a much larger study population, with 97 cases of 

TBM and 588 cases of non-TBM meningitis, and revealed a 

significant decrease in serum C3 and C4 levels in TBM com-

pared to in VM. 

Delays in TBM treatment have been associated with high 

mortality and morbidity rates as well as complications such as 

vision loss, cranial nerve dysfunction, hydrocephalus, and 

vascular complications including stroke and aneurysmal for-

mation and rupture [27,28]. This study provides additional in-

formation for differentially diagnosing TBM from VM, which 

share similar initial clinical characteristics and CSF profiles 

but have contrasting clinical outcomes. 

We observed a significantly increased mortality rate in TBM 

patients with low initial C3 level. This might be due to an 

overactive complement system with increased complement 

consumption, which could result in an uncontrolled inflam-

matory response and unfavorable outcomes. This is why the 

complement system is often regarded as a double-edged 

sword [29] and why complement-targeted drugs, such as ecu-

lizumab, have been developed for use in the treatment of BM 

[30,31].  

Our study has several limitations. First, because it was a retro-

spective study with unbalanced numbers in the groups owing 

to differences in the natural prevalence of cases, there could 

be selection bias. To compensate for uneven patient alloca-

tion between groups and the potential risk of selection bias, 

we applied propensity score-matched scoring at a 1:1 ratio to 

eliminate the effects of selection bias and confounding vari-

ables. Second, although there was a clear significant differ-

ence in complement levels between TBM and VM patients, 

the average serum complement values in both groups were 

within the normal reference ranges. Only patients in the low-

est-quartile ranges of C3 and C4 could be referred to as having 

hypocomplementemia. Third, the small proportion of definite 

TBM cases was another limitation in our study, but it also re-

flects the nature of clinical practice in Korea, where the sensi-

tivity of the various bacteriology tests for TBM is very low. The 

positive rate of cultures in clinical practice is believed to be 

much lower than that measured in the literature for various 

reasons [32]. In addition to the paucibacillary nature of CSF in 

TBM diagnosis, we supposed that there is a possibility that the 

serous type of TBM, which is characterized by signs and 

symptoms of mild meningitis with spontaneous recovery, 

could also complicate diagnosis of TBM. There was a single 

case of VM with a positive CSF tuberculosis culture and PCR 

result in our study. This patient was diagnosed with VM be-

cause they recovered spontaneously with mild symptoms, 

and their CSF profile suggested VM. Whether the national ba-

cillus Calmette-Guérin (BCG) vaccine inoculation project in 

Korea could influence the low sensitivity of the bacteriology 

tests in TBM is another hypothesis we would like to consider 

in future research. Finally, detailed clinical data, including 

those concerning symptom duration, neurologic deficits, 
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headache, neck stiffness, and nausea/vomiting, which are 

crucial factors in the differentiation of meningitis, were not 

provided in this study. 

This study is the largest to date to evaluate serum comple-

ment levels in TBM versus other infectious meningitis sub-

types. Significantly decreased serum C3 and C4 levels were 

observed in TBM compared to VM. We hope our results pro-

vide useful information for differentially diagnosing TBM 

from VM such that timely optimal treatment for TBM can be 

administered to improve outcomes. Further studies will be re-

quired to confirm our findings. 
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Purpose 
Regulatory T cells (Tregs) have been implicated in the pathogenesis of several autoimmune disorders and used in adoptive cell transfer thera-
pies. Neither have been explored in patients with autoimmune encephalitis where treated patient outcomes remain suboptimal with frequent 
relapses. Here, to identify new treatment strategies for autoimmune encephalitis, we sought to evaluate the proportion of circulating Tregs and 
Treg subpopulations in peripheral blood of patients with N-methyl-D-aspartate r eceptor-antibody encephalitis (NMDAR-Ab-E) and compared this 
with healthy controls. 

Methods 
We compared the phenotype of peripheral blood Tregs in four adult NMDAR-Ab-E patients and four age- and sex-matched healthy controls using 
an 11-color flow cytometry assay panel for characterization of Tregs (CD4+ CD25+ FoxP3+) cells into naïve (chemokine receptor [CCR] 7+ 
CD45RA+), central memory (CCR7+ CD45RA–), and effector memory (CCR7– CD45RA–) cells. We also examined and compared the expres-
sion of the CCR6 by circulating Tregs and the respective Treg subpopulations between the study groups. 

Results 
The proportion of circulating Tregs was similar between patients with NMDAR-Ab-E and healthy controls but the proportion of naïve Tregs was 
lower in NMDAR-Ab-E patients (p = 0.0026). Additionally, the frequency of circulating effector memory Tregs was higher, and the proportion of 
circulating effector memory Tregs expressing CCR6 was lower, in NMDAR-Ab-E patients compared with healthy controls (p = 0.0026). 

Conclusion 
Altered Treg homeostasis may be a feature of patients with NMDAR-Ab-E. Future studies with larger samples are warranted to validate these 
findings. 
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Introduction 
Autoimmune encephalitis (AIE) occurs due to a misdirected 

immune response against self-antigens expressed in the cen-

tral nervous system (CNS). When the resulting autoantibodies 

target membrane surface antigens, they are considered po-

tentially pathogenic. This is the case for N-methyl-D-aspartate 

receptor antibody encephalitis (NMDAR-Ab-E), a common 

form of autoimmune encephalitis characterized by psychosis, 

amnesia, seizures, and dyskinesias, where antibodies target 

the extracellular domain of the NR1 subunit of the NMDAR. 

While B cells are likely to be key to an autoantibody-mediated 

pathology, T cell functions and imbalances between several 

limbs of an acquired immune system are likely to have both 

pathogenic and therapeutic roles [1]. For example, in the 

NMDAR-Ab-E–associated ovarian teratomas, dense infiltra-

tions of both T and B cells are observed [2]. 

Patients with NMDAR-Ab-E show variable responses to treat-

ment and ~20% of patients suffer disease relapses after first-

line immunotherapies [3], indicating the need to identify al-

ternative treatment approaches. Th17 cells play a pathogenic 

role in the development of autoimmune diseases through 

production of proinflammatory cytokines that cause tissue 

damage. Excessive activation of the Th17 pathway has been 

implicated in the immunopathology of NMDAR-Ab-E [3,4]. 

Notably, an increase in cerebrospinal fluid (CSF) concentra-

tion of the Th17 inflammatory cytokines interleukin (IL) 17 

and IL6 was observed in NMDAR-Ab-E patients [3]. Addition-

ally, Zeng et al. [3] found an increased number of Th17 CD4 T 

cells in the CSF of NMDAR-Ab-E patients. Thus, a common 

paradigm for intervention with the greatest presumptive ben-

efit in AIE, and indeed NMDAR-Ab-E, should center on early 

attenuation of the underlying CNS inflammation.

Regulatory T cells (Tregs) are T cells that suppress inflamma-

tory and autoimmune responses promoting immune toler-

ance, a function proven to be critical for the control of several 

autoimmune diseases. Treg deficiencies can lead to microglial 

activation, inflammation, and neuronal injury. Poorly func-

tioning Tregs and/or reduced Treg numbers have been ob-

served in patients with autoimmune diseases including mul-

tiple sclerosis and vasculitides [5,6]. Restoring immune ho-

meostasis and tolerance through activation or adoptive trans-

fer of Tregs has become an attractive approach for the treat-

ment of several autoimmune diseases [7,8]. A better under-

standing of the role of Tregs in NMDAR-Ab-E could shed 

more light on the potential utility of Treg-directed treatment 

strategies or indeed provide evidence to support repurposing 

of already existing treatments to improve outcomes for affect-

ed patients. 

The objective of this study was to evaluate the proportion of 

Tregs in peripheral blood of affected patients compared with 

healthy controls. Given the reciprocal relationship between 

Th17 cells and Tregs [9] and data supporting activation of the 

Th17 pathway in NMDAR-Ab-E [3,4], we hypothesized that 

the frequency of Tregs in peripheral blood would be lower in 

NMDAR-Ab-E patients than in healthy controls, suggesting a 

loss of immune tolerance in affected patients. 

Methods 
Study cohort 
All clinical investigations were conducted according to the 

Declaration of Helsinki principles. The Ethical Committee of 

Yorkshire and The Humber approved the study protocol (No. 

REC16/YH/0013) and written informed consent was obtained 

from all participants. Enrolled participants were admitted to 

the John Radcliffe Hospital, Oxford, UK, with a definitive diag-

nosis of NMDAR-Ab-E based on clinical symptoms and posi-

tive CSF NMDAR antibodies. Age- and sex-matched healthy 

controls were identified through a mail out to staff working at 

the Oxford Vaccine Group, Oxford, UK. 

Sampling 
Peripheral blood mononuclear cells (PBMCs) were isolated 

from heparinized peripheral blood samples by Ficoll gradient 

centrifugation and stored in liquid nitrogen until thawing.  

Cell staining and flow cytometric analysis  
Eleven-color flow cytometry was used to identify Tregs and 

the various Treg subsets. In brief, PBMCs were washed twice 

in phosphate-buffered saline, and then stained (30 minutes 

on ice) with Brilliant violet (BV) 711 anti-human CD3 (Clone 

UCHT1; Biolegend, San Diego, CA, USA), BV510 anti-human 

CD4 (Clone SK3, Biolegend), BV788 anti-human CD25 (Clone 

MA251; BD Biosciences, San Jose, CA, USA), BV650 anti-hu-

man CD45RA (Clone HI100, Biolegend), and with the follow-

ing chemokine receptors: BV605 labeled CCR6 (Clone G04E3, 

Biolegend) and BV421 labeled CCR7 (Clone G043H7, Bioleg-

end). After staining for surface molecules, intracellular stain-

ing was performed with allophycocyanin labeled mAB against 

FoxP3 (Clone PCH101; eBioscience, San Diego, CA, USA) and 

PeCF594 mAB against cytotoxic T-lymphocyte-associated 

protein (CTLA) 4 (Clone BN13, BD Biosciences), using a fixa-
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tion and permeabilization solution (eBioscience) according to 

the manufacturer’s instructions. Then the cells were washed 

twice and analyzed with a Fortessa X20 flow cytometer (Bec-

ton Dickinson, San Jose, CA, USA) using FACS Diva V8.0 soft-

ware (Becton Dickinson). 

Definitions 
Tregs were identified by flow cytometry based on the expres-

sion of CD25 and FoxP3 on T (CD3+ CD4+) cells. The Treg 

population was then classified into different subpopulations 

based on their expression of additional cell surface and intra-

cellular markers, as described elsewhere [10] (Gating strate-

gies in Figure 1A and B) into: (i) naïve Tregs (CD3+ CD4+ 

CD25+ FoxP3+ CD45RA+), (ii) memory Tregs (CD3+ CD4+ 

CD25+ FoxP3+ CD45RA–), (iii) effector memory (EM) Tregs 

(CD3+ CD4+ CD25+ FoxP3+ CD45RA– CCR7–), and (iv) central 

memory (CM) Tregs (CD3+ CD4+ CD25+ FoxP3+ CD45RA– 

CCR7+). The expression of the activation marker CTLA on 

Tregs and the homing marker CCR6 were also evaluated. 

Statistical analysis 
Data are presented as median and interquartile ranges (IQRs). 

The proportions of the Treg populations were compared be-

tween NMDAR-Ab-E patients and healthy controls using the 

Wilcoxon-Mann-Whitney (nonparametric) test. Spearman 

correlation analysis was used to test for statistical dependence 

between Treg populations. GraphPad Prism version 7.0 

(GraphPad Software, San Diego, CA, USA) was used for the 

statistical calculations. A p-value of < 0.05 was considered sta-

tistically significant. 

Results 
Study participants 
Eight participants were included in this study: four patients 

with NMDAR-Ab-E and four age- and sex-matched healthy 

controls (Table 1). Patient samples were obtained either in the 

acute (n =  3) or convalescent (n =  1) phase of the disease. 

Clinical characteristics of the NMDAR-Ab-E patient cohort are 

provided in Tables 1 and 2. Three of the four NMDAR-Ab-E 

patients had received at least one immunomodulatory treat-

ment (intravenous methylprednisolone, n = 3; oral predniso-

lone, n = 2; and plasma exchange, n = 1), prior to sampling 

(Table 1). All patients were female. The mean age ( ± standard 

deviation) of the study population was 23.50 years ( ± 5.447) 

and 28.00 years ( ± 2.944) for the NMDAR-Ab-E and healthy 

control groups, respectively. 

Comparison of peripheral lymphocyte counts 
between NMDAR-Ab-E patients and healthy 
controls 
Firstly, we compared the frequency of total lymphocytes  

between NMDAR-Ab-E patients and healthy controls and 

found no significant differences (p =  0.0571) (Figure 2A and  

Table 3).  

NMDAR-Ab-E patients have a lower frequency of 
circulating CD3+ CD4+ (helper T) cells compared 
with healthy controls 
Next, we compared the proportion of helper T cells and found 

NMDAR-Ab-E patients had a significantly lower proportion of 

CD3+ CD4+ T cells than healthy controls: 35.65% (IQR, 27.08–

41.60) vs. 59.35% (IQR, 54.38–63.58), respectively (p =  0.0286) 

(Figure 2B and Table 3). 

No difference in overall proportion of Tregs but 
diminished proportion of naïve Tregs in NMDAR-
Ab-E patients compared with healthy controls 
Next, we compared the frequency of Tregs between the study 

groups. While there was no difference in the proportion of cir-

culating Tregs between the groups (p =  0.3429), NMDAR-

Ab-E patients had an 8-fold lower proportion of circulating 

naïve Tregs than did healthy controls: 0.960% (IQR, 0.33–1.59) 

vs. 8.265% (IQR, 3.95–12.18), respectively (p =  0.0286) (Figure 

2C and D; Table 3). The proportion of CCR6+Tregs tended to 

be lower in NMDAR-Ab-E patients compared with healthy 

controls although the difference did not reach statistical sig-

nificance (p =  0.0571) (Figure 2E). 

NMDAR-Ab-E patients have a higher proportion of 
circulating effector memory Tregs compared with 
healthy controls 
We examined whether the proportions of the predefined Treg 

subpopulations differed between NMDAR-Ab-E and healthy 

controls. NMDAR-Ab-E patients had a significantly higher pro-

portion of circulating EM Tregs than did healthy controls: 

94.85% (IQR, 93.15–96.55) vs. 77.35% (IQR, 40.15–82.83), re-

spectively (p =  0.0286) (Figure 2F and Table 3). However, the 

proportion of CCR6+ EM Tregs was six times lower in NMDAR-

Ab-E patients compared with healthy controls: 3.505% (IQR, 

1.81–6.26) vs. 22.75% (IQR, 9.55–46.68), respectively (p =  

0.0286) (Figure 2G). There was no correlation between total 

EM Treg and CCR6+ EM Treg frequency either in the NMDAR-

Ab-E patients (Spearman r =  –0.600, p =  0.4167) or healthy 

controls (r =  –0.8, p =  0.33). The proportion of CM Tregs was 

similar between NMDAR-Ab-E patients and healthy controls 

(p =  0.3429) (Figure 2H). 
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Figure 2 Comparison of different cell populations between NMDAR-Ab-E patients and healthy controls

Table 3 Comparison of proportions of the different populations between patients with NMDAR-Ab-E and healthy controls

Population NMDAR-Ab-E Healthy control p-valuea

Lymphocyte count 63.70 (55.95–71.83) 76.10 (70.98–82.65) 0.1143
CD4+ T cells 35.65 (27.08–41.60) 59.35 (54.38–63.58) 0.0286*
Tregs 1.73 (1.46–2.97) 1.39 (1.21–2.10) 0.3429
Naïve Tregs 0.96 (0.33–1.59) 8.27 (3.95–12.18) 0.0286*
CM Tregs 2.21 (2.03–2.80) 7.28 (1.64–12.43) 0.3429
CCR6+ CM Tregs 2.78 (0.00–15.04) 14.90 (8.49–28.78) 0.1714
CCR6+ Tregs 3.32 (1.60–6.42) 19.85 (8.27–31.43) 0.0571
EM Tregs 94.85 (93.15–96.55) 77.35 (40.15–82.83) 0.0286*
CCR6+ EM Tregs 3.51 (1.81–6.26) 22.75 (9.55–46.68) 0.0286*
CTLA4+ Tregs 81.60 (77.38–82.60) 79.25 (77.33–84.70) 0.8857

Values are presented as median percentage (interquartile range).
NMDAR-Ab-E, N-methyl-D-aspartate receptor-antibody encephalitis; Tregs, regulatory T cells; CM, central memory; CCR, chemokine receptor; EM, effector memory; CTLA, 
cytotoxic T-lymphocyte-associated protein.
a)Mann-Whitney U-test.
*p < 0.05 (statistical significance).
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(A) Lymphocyte comparison between NMDAR-Ab-E patients and healthy controls. (B) Comparison of proportion of CD3+ CD4+ T cells between 
NMDAR-Ab-E patients and healthy controls. (C) Comparison of proportion of Tregs between NMDAR-Ab-E patients and healthy controls. (D) Compari-
son of proportion of naïve Tregs between NMDAR-Ab-E patients and healthy controls. (E) Comparison of proportion of Tregs expressing CCR6 between 
NMDAR-Ab-E patients and healthy controls. (F) Comparison of proportion of effector memory Tregs between NMDAR-Ab-E patients and healthy con-
trols. (G) Comparison of proportion of effector memory Tregs expressing CCR6 between NMDAR-Ab-E patients and healthy controls. (H) Comparison of 
proportion of central memory Tregs between NMDAR-Ab-E patients and healthy controls.
NMDAR-Ab-E, N-methyl-D-aspartate receptor-antibody encephalitis; PBMC, peripheral blood mononuclear cell; CCR, chemokine receptor; Tregs, regu-
latory T cells.

Discussion 
Our data show differences in the frequency of naïve Tregs, EM 

Tregs, and CCR6+ Tregs between NMDAR-Ab-E patients and 

healthy controls, without differences in the proportion of total 

Tregs. 

We observed that patients with NMDAR-Ab-E have a lower 
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circulating pool of naïve Tregs than healthy controls. Naïve 

Tregs differentiate into activated Tregs following antigenic ex-

posure and are required to control immune responses 

through continuous replenishment of the activated Treg pool 

[11]. The lower frequency of naïve Tregs in NMDAR-Ab-E pa-

tients could indicate impaired Treg homeostasis due to an in-

fluence of Treg thymic development, or an increase in periph-

eral cell turnover and subsequent conversion to memory 

Tregs. The latter would seem more plausible due to the higher 

proportion of memory Tregs observed in NMDAR-Ab-E pa-

tients compared with healthy controls (data not shown). 

One cross-sectional observational study of 29 patients with 

autoimmune encephalitis showed a nonsignificantly lower 

proportion of Tregs in peripheral blood of patients with syn-

aptic antibodies (NMDAR-Ab-E, n =  4) compared with those 

with paraneoplastic antibodies [12]; no healthy controls were 

included in the study making it impossible to ascertain to 

what extent these differences are directly reflective of the un-

derlying diagnosis. Although our data show that NMDAR-

Ab-E patients have similar levels of circulating Tregs as 

healthy controls do, this finding may not necessarily reflect 

the Treg numbers in the CNS. 

The results of this study indicate that NMDAR-Ab-E patients 

have a higher proportion of circulating EM Tregs than healthy 

controls. Contrary to their CM counterparts, EM Tregs repre-

sent more recently activated memory Tregs with increased 

suppressive function. Most of the NMDAR-Ab-E patients were 

in the active state of the disease; therefore, the higher propor-

tion of EM Tregs in the patient cohort would suggest recent 

antigen reexposure with a significant shift towards an EM 

phenotype. 

Though there was no difference in the overall proportion of 

Tregs between NMDAR-Ab-E patients and healthy controls, 

there was a trend towards a lower proportion of circulating 

CCR6+ Tregs in NMDAR-Ab-E patients. Also, we observed 

that the frequency of EM Tregs expressing CCR6 was lower in 

NMDAR-Ab-E patients than in healthy controls. Following 

antigenic stimulation, activated naïve T cells acquire specific 

homing receptors which allow them to efficiently migrate into 

peripheral tissues and sites of inflammation. Treg-mediated 

suppressive function involves Treg migration to lymphoid or-

gans and to sites of inflammation where they act directly to 

control potentially destructive immune responses in inflamed 

tissues and prevent organ-specific autoimmune diseases [13]. 

CCR6 promotes Treg migration to inflamed sites through its 

physiological ligand macrophage inflammatory protein-3 al-

pha/CC chemokine ligand 20 (CCL20). CCR6+ memory Tregs 

have been shown to exhibit superior suppressive activity [14] 

and experimental studies indicate that CD4+ Tregs require 

CCR6 to downregulate the inflammatory process associated 

with experimental autoimmune encephalomyelitis [15]. In a 

study of 60 patients with NMDAR-Ab-E, significantly in-

creased levels of CCR6 and CCL20 were observed in the CSF 

of NMDAR-Ab-E patients compared with patients with nonin-

flammatory neurological disorders [3]. This finding is sup-

ported by earlier studies showing accumulation of CCR6+ 

Tregs and increased levels of CCL20 in the CNS during acute 

inflammation [16,17]. Consequently, CCR6-CCL20 axis has 

been suggested as a novel therapeutic target for NMDAR-

Ab-E [3]. Our observation of lower frequencies of CCR6+ EM 

Tregs and a trend to lower frequencies of CCR6+ Tregs in 

NMDAR-Ab-E patients could indicate a genuine deficiency of 

CCR6 in these patients and this could have therapeutic impli-

cations. A more likely possibility is that this finding could re-

flect artificially low circulating levels of these Treg populations 

due to their recruitment to the CNS. Notably, Zeng et al. [3] 

demonstrated a significant increase in CCR6 expression by 

Th17 cells in the CSF but not peripheral blood of NMDAR-

Ab-E patients and showed that addition of CCL20 significantly 

promoted the chemotactic ability of Th17 cells. Nonetheless, 

the exact relevance and implications of our findings are un-

clear and warrant further investigation. 

The main limitations of this study are the potential confound-

ing effects of steroid and plasma exchange therapy, and the 

small sample size. Due to the logistical challenges of CSF 

sampling particularly from healthy controls and the low num-

bers of lymphocytes found in the CSF in encephalitis, we fo-

cused on investigating the Treg population in peripheral 

blood. Findings in peripheral blood may not reflect activity in 

the CNS but it is likely the autoimmunization in these patients 

begins in the periphery [1]. 

Our preliminary data suggest that Tregs may have a role in the 

pathogenesis of NMDAR-Ab-E. It is not clear whether these 

findings are part of the disease pathogenesis in NMDAR-Ab-E 

implying that patients might benefit from modifying the Treg 

response, or just a response to the disease with no negative 

pathological consequence. Further studies in a larger cohort 

of patients using paired blood and CSF samples are necessary 

to confirm these observations and to elucidate the functional 

relevance of these findings. 
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Purpose
Artificial intelligence (AI)-based image analysis tools to quantify the brain have become commercialized. However, insufficient data for learning 
and scanner specificity is a limitation for achieving high quality. In the present study, the performance of personalized brain segmentation soft-
ware when applied to multicenter data using an AI model trained on data from a single institution was improved.

Methods
Preindicators of brain white matter (WM) information from the training dataset were utilized for preprocessing. During learning, data of cogni-
tively normal (CN) individuals from a single center were utilized, and data of CN individuals and Alzheimer disease (AD) patients enrolled in mul-
tiple centers were considered the test set.

Results
The preprocessing based on the preindicator (dice similarity coefficient [DSC], 0.8567) resulted in a better performance than without (DSC, 
0.7921). The standard deviation (SD) of the WM region intensity (DSC, 0.8303) had a more substantial influence on the performance than the 
average intensity (DSC, 0.6591). When the SD of the test data WM intensity was smaller than the learning data, the performance improved 
(0.03 increase in lower SD, 0.05 decrease in higher SD). Furthermore, preindicator-based pretreatment increased the correlation of mean cor-
tical thickness of the entire gray matter between Atroscan and FreeSurfer, and data augmentation without preprocessing did not.Both preindi-
cator processing and data augmentation improved the correlation coefficient from 0.7584 to 0.8165.

Conclusion
Data augmentation and preindicator-based preprocessing of training data can improve the performance of AI-based brain segmentation soft-
ware, both increasing the generalizability and stability of brain segmentation software. 

Keywords: Alzheimer disease, Artificial intelligence, Data augmentation, Segmentation
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Introduction 
Cortical thinning and regional atrophy of the brain is associat-

ed with various health conditions, such as long-standing hy-

pertension [1], diabetes [2], obesity [3], neurodegenerative 

disease, and normal aging [4]. Neuroinflammation has been 

suggested as a plausible mechanism of cortical thinning [4]. 

Quantitative characterization of the brain in neurodegenera-

tive diseases, such as Alzheimer disease (AD), has been per-

formed using cortical and hippocampal segmentation and vi-

sualized on magnetic resonance imaging (MRI). For brain im-

aging, statistical parametric mapping and FreeSurfer have 

been widely used [5]. Recently, image data with processing 

techniques and deep learning methods have been used for 

research in various ways. Studies based on convolutional neu-

ral networks (CNNs) have mainly focused on deep learning 

using medical images [6–8]. These methods perform well in 

detecting brain tumors and stroke lesion segmentation [9,10]. 

In dementia, factors such as segmentation, gray matter (GM) 

tissue maps, and cortical thickness, have high predictive value 

in AD. Therefore, determining how segmentation can be im-

proved is critical to achieving accurate clinical decisions. 

Deep learning analysis of MRI can potentially assist in detect-

ing biomarkers before the appearance of dementia symptoms 

which can help clinicians determine a confirmatory diagno-

sis. In addition, image biomarkers can be utilized for disease 

assessment, differential diagnosis, monitoring, and treatment 

[11]. However, obtaining a sufficient number of medical imag-

es for artificial intelligence (AI) learning is difficult. Further-

more, the AI models may have low performance if the images 

utilized for learning are acquired using different procedures 

and scanners at multiple institutions with insufficient vari-

ability in resolution, noise, and tissue appearance [12,13]. 

To address these issues, images should be standardized with 

preprocessing methods, such as brain registration, warping, 

and voxel-based morphometry [14–16]. In addition, data aug-

mentation, which increases the sample responsiveness of a 

model, can be applied [17–19]. However, verifying whether an 

AI model exhibits satisfactory performance before imple-

menting these methods is difficult. Therefore, we developed a 

system that complements model performance using prelimi-

nary indicators. The preindex system used in this study in-

cludes GM as the detection object and white matter (WM) as 

the preindicator. 

In our preliminary indicator hypothesis, signals acquired in 

medical images have characteristic information based on de-

vices and acquisition methods. Data derived from a specific 

area have a higher signal-to-noise ratio (SNR) than that ob-

tained from the entire image. The performance of AI models 

generally decreases when external data are used without 

training. Furthermore, converting the external data based on 

the characteristics of the training data improves performance. 

In the present study, brain WM was used as a preindicator be-

cause it occupies an extensive area in the brain compared 

with the cortex or other specific areas. Furthermore, the in-

tensity of this area appears relatively uniform on MRI scans. 

Because this area is large, even if some portions of the WM are 

not detected, or other small areas are falsely detected, the ef-

fect on the average and standard deviation (SD) of all the di-

vided pixels would be small. Preindicator-based preprocess-

ing and data augmentation were utilized to improve mod-

el-based segmentation processes and improve software- 

based clinical evaluations and diagnostic efficacy. 

Methods 
This study was performed in accordance with the Declaration 

of Helsinki. The study was approved by the Institutional Re-

view Board of Seoul National University Hospital (No. 1712-

038-905) and written informed consent was waived due to its 

retrospective nature.

Dataset preparation 

Alzheimer’s Disease Neuroimaging Initiative 
Data used in these analyses were obtained from the Alzhei-

mer’s Disease Neuroimaging Initiative (ADNI) database 

(http://www.loni.ucla.edu/ADNI/Data/index.shtml, adni.

loni.usc.edu), a publicly available database launched in 2003 

as a public-private partnership. MRI T1 sagittal data (n =  480) 

were collected. The data were labeled during the data acquisi-

tion process. Subjects were divided into cognitively normal 

Table 1 The demographic data for the training dataset

Variable Male (n) Female (n) Age (yr)

ADNI (model evaluation data)
  AD 144 132 76.63 ±  5.84
 CN 122 82 77.51 ±  5.71
One institute (model training data)
 CN 137 164 63.51 ±  9.50

ADNI, Alzheimer’s Disease Neuroimaging Initiative database (adni.loni.usc.edu); 
AD, Alzheimer disease; CN, cognitively normal.
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(CN, n =  204) and AD (n =  276) groups. The demographics of 

the study population are shown in Table 1. 

Local medical check-up center 
Another dataset of MRIs from 301 individuals (male, 137 and 

female, 164) was randomly selected from a healthy cohort in 

the Seoul National University Hospital Healthcare System 

Gangnam Center (IRB number, H-1712-038-905). Subjects 

who had undergone brain MRI including three-dimensional 

(3D) magnetization-prepared rapid gradient-echo sequence 

as part of dementia screening were considered. Whether the 

subjects were CN was determined with a comprehensive neu-

ropsychological battery using the Korean version of the Con-

sortium to Establish a Registry for Alzheimer’s Disease and 

clinical counseling by an experienced neurologist (Park KI) 

and psychiatrist (Yoon DH). 

The local dataset was used for training and model selection 

and the ADNI data were used to evaluate the final model per-

formance. 

Data processing 

Ground truth image segmentation 
GM and WM in the brain were annotated using the FreeSurfer 

software package (version 6.0.0, available at http://surfer.nmr.

mgh.harvard.edu), which was recently summarized by Fischl 

[20]; this software facilitates the automated parcellation of the 

brain cortex and subcortical structures. The GM and WM ar-

eas were automatically measured using FreeSurfer on a Linux 

workstation. The sagittal MRI was reformatted to an axial im-

age and then converted to FreeSurfer mgz format. The proce-

dure for GM and WM parcellation automatically assigns a 

neuroanatomical label to each voxel in an MRI volume based 

on probabilistic information estimated automatically from a 

manually labeled training set. The optimal linear transform 

was calculated by maximizing the likelihood of the input im-

age. An atlas constructed from manually labeled images of 14 

young and middle-aged subjects was utilized and nonlinear 

transformation was applied. Bayesian segmentation was per-

formed and the maximum posteriori estimate of the labeling 

was determined. 

Data augmentation 
The factor considered during the data augmentation process 

was whether the image could occur. In general, for image data 

augmentation, several processes, such as translation, flipping, 

rotation, stretching, sharing, elastic deformation, and contrast 

augmentation were performed. However, because sharing 

and elastic deformation can alter the shape of the brain, and 

flipping did not significantly occur, 3D translation and rota-

tion (n =  5) and contrast augmentation (n =  5) were per-

formed. Finally, a dataset that was 10 times the data held was 

obtained. Translation and 3D rotation were performed by ap-

plying randomly generated values from the normal distribu-

tion of the average of 0 and the scale of 0.1 to the transforma-

tion matrix. The contrast augmentation shifted the average of 

the entire image by adding randomly generated values from 

the average distribution of 0 and the scale of 5 to intensity val-

ues between −20 and 20. 

Gray matter and white matter segmentation training 
Atroscan (http://jlkgroup.com/#/platform/aihub), which pro-

vides complete segmentation of the brain cortex and subcor-

tical structures, was used for GM and WM segmentation. The 

Atroscan segmentation algorithm is shown in Supplementary 

Figure 1. The 3D U-Net has a downsampling and an upsam-

pling path, each with four resolution steps. In the downsam-

pling path, each layer has three 3 ×  3 ×  3 convolutions and 

batch normalization, which is followed by a rectified linear 

unit (ReLU) activation function, and a 2 ×  2 ×  2 max pooling 

layer for downsampling. In the upsampling path, each layer 

uses a deconvolution with a kernel size of 2 ×  2 ×  2, followed 

by three 3 ×  3 ×  3 convolutions and batch normalization with 

ReLU. The network has shortcut connections between corre-

sponding layers with the same resolution in the downsam-

pling and upsampling paths. 

For the loss function, dice similarity coefficient (DSC) was 

used, a key measure to determine the performance for se-

mantic segmentation and calculated as follows:  

DSC =  
     2 ×  area of overlap          

(Equation 1)
 

                  Total combined pixels

For model training, the initial value of the model was set as a 

random variable. During learning, 100 epochs were per-

formed and the training model that showed the highest DSC 

in the test set was selected as the final model. Input data for 

learning were downloaded from data 256 ×  256 ×  256 to 128 

×  128 ×  128 in size. Each data point was used for learning af-

ter rescaling to have a maximum intensity of 255 and dividing 

the rescaled data point by the mean and SD of the entire data. 

Before data augmentation, 80% of the single-center data were 

randomly selected. These data were reorganized into a data 

set multiplied 10 times with a data augmentation process and 
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a data set that had not undergone augmentation. The remain-

ing 20% of the data were used as a validation set to verify the 

performance of the model and applied to the collected ADNI 

data to evaluate whether a change in performance based on 

the pretreatment and data augmentation process on the WM 

occurred. 

The DSC and correlation coefficient of the cortical thickness 

determined model performance. DSC evaluated model seg-

mentation and the correlation coefficient determined model 

capabilities such as structural characteristics extraction. 

Preprocessing methods using white matter  
Brain WM was detected with a model of the same structure as 

the CNN model designed to segment the detection target. The 

average and SD of the area were measured. Accordingly, the 

3D MRI data were shifted to the training mean and SD of the 

data. For comparison, the cortical GM, WM, and cerebrospi-

nal fluid areas were determined.

                   
xoutput =              ×  (xinput− xinput_wm) + xtrain_wm

     (Equation 2)

where xinput, xoutput, xtrain_wm, xinput_wm, xinput_wm, nvoxel_train_wm, nvox
el_in-

put_wm, ntrain denote the input MRI T1 image, preprocessing im-

age, signal intensity under WM area of training data, signal in-

tensity under WM area of input data, voxel number under 

WM area of training data, and the number of training data, re-

spectively. The 255-upper area of xoutput was converted to 255 

and the 0-under area of xoutput was converted to 0. Figure 1 de-

picts the preprocessing changes in representative images.  

Cortical thickness measurement 
In the 3D space, 173 direction vectors were calculated, repre-

senting all the direction vectors that can occur in a 6 ×  6 ×  6 

space and were measured under the assumption that cortical 

thickness does not exceed 6 mm. In addition, each pixel of the 

GM determined the minimum fulfilled direction [21]. The 

minimum length of each voxel eliminated the upper 90% and 

lower 10%. Furthermore, the minimum length group was av-

eraged. When comparing our data with the FreeSurfer results, 

a Pearson correlation of 0.9623 (r-value) was obtained (Sup-

plementary Figure 2).  

Statistics
For statistical comparison, multicenter MRI data from ADNI 

were used. Two tests were performed to compare the perfor-

mance of the preindicators. The change in DSC (ΔDSC) was 

evaluated with different techniques and the cortical thickness 

in dementia and nondementia groups was measured using 

each technique. A paired t-test and an independent t-test 

Figure 1 Representative images depicting changes due to preprocessing based on signal intensity of white matter

In cases with a small standard deviation (SD) of signal intensity, (A) white matter SD increased and (B) decreased in cases with large SD. (C) Repre-
sentative figure of cortical thickness measurement. Images have been color-coded for visualization purposes only in this figure.
DSC, dice similarity coefficient.
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were used to compare the cortical thickness between demen-

tia and nondementia groups. In addition, Cohen’s D was used 

to compare effect sizes based on differences between means 

as follows: 

Cohe’s D =     , s =       

where x1, n1, and s1 denote the average of sample, sample 

number, and SD of the sample, respectively. 

Results 
Model performance evaluation using dice similarity 
coefficient 
Whether DSC, an indicator of the model performance of GM 

segmentation, changes with data augmentation and WM pre-

processing was investigated. Model performance was lower 

when multicenter data were validated using a model trained 

on data from a single institution. However, the performance 

improved with data augmentation during learning and WM-

based preprocessing of the test data. The average DSC in-

creased by approximately 0.06 when both methods were im-

plemented (Table 2). When using a test dataset of dementia 

patients, the model algorithm performed well although it was 

trained on a CN database (Table 2). The ΔDSC after WM-

based preprocessing (p <  0.001) and data augmentation  

(p <  0.001) was statistically significant with a t-statistic of 

7.6762 after preprocessing and 6.2039 after data augmenta-

tion (paired t-test). Specifically, WM-based preprocessing en-

hanced the performance on test data with a lower WM inten-

sity SD than training data. In the AD and CN groups, similar 

patterns were observed within each group. In the AD group, 

ΔDSC after treatment for lower SD (n =  164) was +0.0536, and 

ΔDSC for higher SD (n =  114) was −0.0863. In the CN group, 

ΔDSC at lower SD (n =  149) was +0.0457 and ΔDSC at higher 

Figure 2 The difference in DSC based on white matter preprocessing

(A) Without augmentation and (B) with augmentation (red line denotes the average standard deviation [SD] of the training set, green circles indicate 
DSC lower than 0, indicating worse performance by preprocessing). The population with higher SD than the training set showed decreased DSC after 
preprocessing; augmentation complemented this effect.
DSC, dice similarity coefficient.
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Table 2 Dice similarity coefficients according to preindicator 
case

Preprocessing
Augmentation

No Yes

Cognitively normal
 No 0.7921 0.836
 Yes
  White matter 0.8298 0.8567
  Entire brain 0.5255 0.6989
Alzheimer disease
 No 0.7629 0.802
 Yes
  White matter 0.8024 0.8293
  Entire brain 0.3145 0.5276

(Equation 3)
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SD (n =  55) was −0.0129. However, the differences between 

the groups were not statistically significant. Unlike WM-based 

preprocessing, data augmentation of learning data consis-

tently increased DSC regardless of test data WM intensity SD 

(Figure 2). However, this pattern was not evident based on the 

average WM intensity of the training data (Supplementary 

Figure 3). Based on the above observations, we believe that 

adjusting SD with data augmentation, which performs inten-

sity shift and rotation, can improve model performance. The 

performance with the single-center data was the highest (vali-

dation DSC, 0.9142), followed by the external multicenter CN 

validation (DSC, 0.8347) and AD (DSC, 0.7663) compared 

with pretreatment. This result indicated the internal valida-

tion performance improved from 0.9097 to 0.9142 compared 

with the model trained with augmentation and without SD 

adjustment; however, the external performance declined 

(DSC of CN validation, 0.8360 to 0.8347; DSC of AD validation, 

0.8020 to 0.7663). In addition, model performance was ana-

lyzed using entire brain values as an indicator. Although the 

analysis was performed using the same process, the DSC with 

data augmentation was 0.6989 and 0.5255 without augmenta-

tion. Thus, considering brain WM, model performance was 

better. 

When parcellation was taken into consideration, WM-based 

preprocessing did not show any meaningful positive effects. 

However, augmentation showed a significant increase in per-

formance, where the values improved from 0.6475, 0.6436, 

0.6383, and 0.5730 to 0.7226, 0.7075, 0.7293, and 0.6250 for the 

frontal, temporal, parietal, and occipital region, respectively 

(paired t-test, p <  0.001) (Supplementary Figure 4).  

Data augmentation and white matter preprocessing 
improve correlation coefficient 
In addition, whether data augmentation and WM preprocess-

ing can alter the correlation coefficient that indicates model 

performance in the entire GM segmentation was investigated. 

When comparing the cortical thickness in AD and CN groups, 

the AD group showed significantly lower cortical thickness 

than the CN group in all index methods. Regarding t-values 

with augmentation and preprocessing, only preprocessing, 

only augmentation, and without augmentation and prepro-

cessing were 16.764, 14.474, 12.206, and 13.404, respectively. 

Regarding Cohen’s D values with augmentation and prepro-

cessing, only preprocessing, only augmentation, and without 

augmentation and preprocessing were 1.737, 1.499, 1.264, and 

1.389, respectively (Figure 3). However, the correlation of cor-

tical thickness between FreeSurfer and Atroscan varied in dif-

ferent situations. Although data augmentation increased the 

segmentation DSC, the correlation of cortical thickness de-

creased. However, for index-based preprocessing, the correla-

tion of cortical thickness increased (Figure 4). The highest 

correlation (0.8165) between FreeSurfer and Atroscan was 

obtained with indicator processing as well as data augmenta-

Figure 3 Cortical thickness comparison between AD and CN groups based on index methods

Dice similarity coefficient (A) and mean cortical thickness (B) based on different procedures.
Aug, augmentation; Pre, preprocessing; CN, cognitively normal; AD, Alzheimer disease.
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tion (p <  0.001). A correlation coefficient of 0.7538 was ob-

tained without augmentation and indicator processing (p <  

0.001), and the correlation coefficient decreased to 0.6097 (p 

<  0.001) when only data augmentation was performed. When 

only indicator processing was performed without data aug-

mentation, the value was 0.7584 (p <  0.001). 

Discussion 
In the present study, preprocessing using preindicators was 

verified to improve model performance when a deep learning 

model trained on data from a single site was applied to data 

from multiple centers. To validate our preprocessing ap-

proach, uniform subjects with normal cognitive functions and 

data from a single institution with limited inter-device vari-

ability for learning were used. 

The performance of AI solutions in studying dementia has 

been extensively studied. Applications of AI in accurately di-

agnosing dementia and classifying it into subtypes have been 

compared with doctors’ diagnoses [22-27]. Correlation analy-

ses have been conducted in the segmentation area using pro-

grams such as arterial spin labeling, FreeSurfer [28], or manu-

al segmentation [29]. The advancement of technology has in-

creased analysis speed but generalizability can still be im-

proved. 

Data augmentation and preprocessing are widely used to im-

prove the performance of medical image segmentation tasks. 

As the volume of training data decreases, this effect can be 

maximized [30]. In general, the state-of-the-art performance 

Figure 4 Correlation of cortical thickness obtained from the developed model with FreeSurfer results

Cortical thickness was compared between Alzheimer disease and cognitively normal groups based on index methods. (A) Original image and no 
pre-processing [A(−) P(−)]. (B) Original image and pre-processing [A(−) P(+)]. (C) Augmentation and no pre-processing [A(+) P(−)]. (D) Augmentation 
and pre-processing of white matter [A(+) P(+)].
Freesurfer: version 6.0.0, available at http://surfer.nmr.mgh.harvard.edu.

Th
ic

kn
es

s 
(m

m
)

Th
ic

kn
es

s 
(m

m
)

Th
ic

kn
es

s 
(m

m
)

Th
ic

kn
es

s 
(m

m
)

2.6

2.4

2.2

2.0

1.8

1.6

2.6

2.4

2.2

2.0

1.8

1.6

2.6

2.4

2.2

2.0

1.8

1.6

2.6

2.4

2.2

2.0

1.8

1.6

1.6

1.6

1.6

1.6

1.8

1.8

1.8

1.8

2.0

2.0

2.0

2.0

FreeSurfer, thickness (mm)

FreeSurfer, thickness (mm)

FreeSurfer, thickness (mm)

FreeSurfer, thickness (mm)

2.2

2.2

2.2

2.2

2.4

2.4

2.4

2.4

2.6

2.6

2.6

2.6

A(–)P(–)

A(+)P(–)

A(–)P(+)

A(+)P(+)

r = 0.7539, p < 0.01

r = 0.6097, p < 0.01

r = 0.7584, p < 0.01

r = 0.8165, p < 0.01

A

C

B

D

encephalitisjournal.org

Jong-Hyeok Park et al. Performance of brain segmentation

30 encephalitis |Vol. 3, No. 1| January 6, 2023

http://surfer.nmr.mgh.harvard.edu.
http://encephalitisjournal.org


of the top-ranked methods of tissue segmentation in the iSeg-

2019 challenge showed a dice coefficient of 0.85 in GM seg-

mentation [31]; similar DSC scores were obtained in our 

method (DSC, 0.8567). 

To test the first hypothesis that specific image areas may have 

a higher SNR and better information, preprocessing was per-

formed with different preindicators, and the model learned 

from data of CN individuals at a single site. The test index as 

an indicator was brain WM and the control was the entire 

brain. When the brain WM region was used as a preindicator 

instead of the entire brain, the performance significantly in-

creased. Thus, WM can alleviate some differences due to mul-

tiple devices. 

The second hypothesis that characteristics of the external 

data can be converted to fit those of the training data to im-

prove the performance of the AI model was also tested. Pre-

processing utilizing the training data with or without data 

augmentation improved the model performance. Compari-

son with the DSCs of preprocessed and non-processed train-

ing data indicated the performance improved in areas with a 

lower SD than the training data. The performance in areas 

with higher SD was lower. These issues can be resolved with 

data augmentation; without preprocessing of the preindicator 

method, better performance can be obtained when the SD of 

the WM of the test set is higher than the training data.  

Data normalization based on the learning condition may pro-

vide improved results in a condition-dependent manner. In 

addition, if a task matches the characteristics of the training 

data, the effect is based on SD data of intensity rather than the 

average intensity (Supplementary Figure 3). The SD indicates 

the variability of the amplitude and frequency and is less in-

fluenced by the shift effect [32]. Therefore, these features can 

affect the segmentation performance rather than average in-

tensity. 

In contrast, a notable trend was observed when the cortical 

thickness correlation was studied. The difference between the 

AD and CN groups was significant, however, the distribution 

of cortical thickness was wide when data augmentation was 

performed. Conversely, pretreatment narrowed the distribu-

tion of cortical thickness. When data augmentation and WM-

based preprocessing were used simultaneously, the highest 

correlation value of the entire GM thickness between Free-

Surfer and our model was obtained (Figure 4). The change in 

correlation due to preprocessing and data augmentation was 

mainly caused by segmentation because the cortical thickness 

measurement in the same segmentation was 0.9623 (Supple-

mentary Figure 2). This showed that when the corresponding 

index was used to distinguish between the AD and CN groups, 

stable differences could be obtained only with data augmen-

tation and preprocessing. Analysis of cortical thickness be-

tween the AD and CN groups showed that both the t-value 

and Cohen’s distance were highest when data augmentation 

and preprocessing were performed. 

In the present study, a preprocessing method based on a pre-

indicator to achieve better performance of AI algorithms was 

described. This technique, in addition to data augmentation, 

is useful for medical data analyses where obtaining sufficient 

data is difficult. This method showed a significant increase in 

performance under specific settings, thus, insights underpin-

ning performance improvement using data augmentation is 

possible. Although the preprocessing method using only 

mean and SD was used, subsequently, other effects using dif-

ferent techniques should be evaluated. Because the mean and 

SD are important features of MRI intensity, they play an im-

portant role in GM segmentation. However, in GM parcella-

tion, any influence of mean or SD of intensity after prepro-

cessing was not found probably because parcellated areas 

had similar intensity. Therefore, in the future, whether the 

preindicator method will be useful in tasks other than intensi-

ty-based segmentation can be determined. Furthermore, 

these analyses can promote stable measurements of brain 

cortical thickness and further the development of advanced 

methodology for generalizing brain segmentation software. 
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When a patient with encephalopathy has an organic brain lesion, his symptom is easily and often mistakenly attributed to that brain lesion. 
However, a combination of different conditions is also possible. We present a case of autoimmune limbic encephalitis combined with leptome-
ningeal carcinomatosis. A 57-year-old female patient was transferred to our institute with a 1-month history of seizure and aggressive behavior. 
Subacute onset of psychosis with multifocal T2 high signal lesions suggested autoimmune encephalitis, and high-dose steroid pulse and immu-
noglobulin therapy were started. However, a cerebrospinal fluid study revealed metastatic adenocarcinoma of non-small cell lung cancer, of 
which she was in complete remission state. Osimertinib, a third-generation epidermal growth factor receptor tyrosine kinase inhibitor, was start-
ed targeting leptomeningeal metastases while maintaining immunotherapy of rituximab and tocilizumab. Her neurological symptoms showed 
improvement in response to immunotherapy which lasted approximately 1 month and then deteriorated again. We concluded that her symp-
toms were more attributable to autoimmune encephalitis than leptomeningeal carcinomatosis, and discontinued osimertinib. 

Keywords: Meningeal carcinomatosis, Autoimmune encephalitis, Rituximab, Osimertinib  

Introduction 
Diagnosis of autoimmune encephalitis requires careful histo-

ry collection and examination followed by extensive ancillary 

testing to exclude any other etiology. An organic brain disease 

is a possible cause of encephalopathy. However, organic brain 

disease (such as infection, tumor, and stroke) does not ex-

clude having comorbid encephalitis, although such cases are 

very rare. We present a case of acute onset progressive psy-

chosis and seizure, confirmed to be due to leptomeningeal 

metastases from non-small cell lung cancer but also sugges-

tive of superimposed autoimmune encephalitis. Her psychot-

ic symptoms responded well to immunotherapy, such as im-

munoglobulin, rituximab, and tocilizumab.

Case Report 
A 57-year-old woman was admitted to the emergency depart-

ment for subacute onset of aggressive behavior and progres-

sive gait disturbance followed by generalized tonic-clonic sei-

zures in November 2021. She had been diagnosed with stage 

1 non-small cell lung cancer (NSCLC) in 2017. After left upper 

lung lobectomy, she achieved complete remission and under-
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went no additional chemotherapy. The initial brain magnetic 

resonance imaging (MRI) showed bilateral cortical swelling 

without definite cortical or leptomeningeal enhancement 

(Figure 1A and B). A cerebrospinal fluid study showed zero 

white blood cells, an elevated protein level (92 mg/dL), and 

severe hypoglycorrhachia (4 mg/dL). The sample was also 

negative in viral polymerase chain reaction for herpes simplex 

virus (HSV)-1, HSV-2, and Epstein-Barr virus, as were bacteri-

al cultures. 

Under the initial impression of possible autoimmune enceph-

alitis (Clinical Assessment Scale in Autoimmune Encephalitis 

[1] [CASE] score of 19, modified Rankin Scale [mRS] score of 

5), a high-dose corticosteroid pulse (1 g/day for 5 days) was 

administered but produced no clinical response. Subsequent 

immunoglobulin administrations (0.4 g/kg for 5 days), how-

ever, significantly but temporarily diminished the patient’s 

psychotic behavior and aggression (CASE score, 15 and mRS 

score, 5; 44 hospital days). A lumbar puncture was repeated, 

and cytologic testing showed metastatic adenocarcinoma. Al-

though whole-body positron emission tomography found no 

solid malignancy, her physician recommended chemothera-

py for carcinomatosis cerebri. At this point, she was trans-

ferred to our institution for a second opinion. 

Upon arrival at our institution, she was drowsy and unable to 

follow any commands. Electroencephalogram (EEG) showed 

ongoing electrographic seizures originating from the bitem-

poral areas. Due to the patient’s aggravating clinical symp-

toms and progressive swelling evident on brain MRI (Figure 

1B and C), she was immediately treated with intravenous im-

munoglobulin (IVIg) followed by rituximab (RTX; 375 mg/m2) 

and tocilizumab (TCZ; 4 mg/kg) (CASE score, 16 and mRS 

score, 5; 47 hospital days). The lumbar puncture was repeated 

but revealed only a few malignant cells with epidermal growth 

factor receptor (EGFR) mutation, confirming leptomeningeal 

metastases (LM). Autoimmune/paraneoplastic antibodies 

(NMDAR Ab, CASP2 Ab, AMPA Ab, LGI1 Ab, DPPX Ab, GAB-

AR Ab, Hu Ab, Ri Ab, and Yo Ab) were negative. The patient 

has been prescribed 80 mg daily of osimertinib, a third-gener-

ation EGFR tyrosine kinase inhibitor (TKI), while maintaining 

weekly RTX and monthly TCZ treatments (Figure 2). 

Antiseizure medications (ASM) of lacosamide, levetiracetam, 

and clobazam were started upon the patient’s arrival at our 

institution. The patient had not experienced convulsive sei-

zures, but EEG consistently showed frequent epileptic dis-

charges despite ASM addition. Her psychosis and seizures 

gradually improved beginning with the first booster dose of 

IVIg and subsequent immunotherapies, albeit with daily fluc-

tuations. By the time she finished the sixth round of RTX, the 

third round of TCZ, and daily osimertinib, she was able to fol-

low simple commands and speak in simple sentences (CASE 

score, 10 and mRS score, 4; 135 hospital days). She was initial-

ly discharged to a local rehabilitation center and readmitted 

monthly for immunotherapy; at each admission, her daughter 

complained of neurological deterioration approximately 1 

month after RTX. This deterioration was always reversed after 

Figure 1 MRIs of a patient with leptomeningeal metastases 
with possible autoimmune encephalitis

(A, B) The initial brain MRI shows subtle T2 high-signal lesions but no 
definite leptomeningeal enhancement. (C) MRI performed immediately 
after administration of intravenous immunoglobulin shows increased 
cortical signals in the right temporal cortex and newly appearing multi-
focal white matter hyperintensities. (D) Newly appearing leptomeningeal 
enhancement. (E, F) MRI was performed after multiple doses of ritux-
imab and tocilizumab.
MRI, magnetic resonance image.
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the next immunotherapy. This pattern of monthly fluctuation 

was observed except for the period of acute respiratory dis-

tress syndrome (ARDS) that was associated with pneumocys-

tis pneumonia. Osimertinib was discontinued during the pe-

riod of ARDS but did not affect the neurological status and 

was eventually withdrawn indefinitely until LM progression 

should become evident. 

Discussion 
Autoimmune encephalitis, which remains a diagnosis of ex-

clusion, typically receives little attention when the patient has 

known organic brain disease, such as neuroinflammatory dis-

ease, infection, or carcinomatosis [2,3]. However, the com-

bined condition of such a primary disorder with an autoim-

mune reaction is also possible. There has been a case report 

of a nonconvulsive status epilepticus (NCSE) patient with LM 

and positivity for the SOX1 antibody [4]. His NCSE condition 

was attributed to SOX1-positive paraneoplastic encephalitis 

rather than LM, which was limited to his brainstem and was 

not severe. 

In our case, there were several reasons to consider superim-

posed autoimmune encephalitis even though the patient was 

confirmed to have LM. First, her mental status improved dra-

matically with immunotherapy at administration of IVIg and 

before the first dose of osimertinib. In addition, with subse-

quent immunotherapies, her symptoms also significantly im-

proved followed by a slow decline until the next dose of im-

munotherapy. Clinical trials of osimertinib have been con-

ducted in patients with asymptomatic or mildly symptomatic 

LM [5,6], but its effect on neurological improvement remain 

unknown. However, considering that the mean time-to-re-

sponse of osimertinib is 5.9 weeks according to a large clinical 

trial [7], the immediate recovery of neurological symptoms af-

ter treatment should be attributed to a response to immuno-

therapy rather than chemotherapy. 

Second, cortical and subcortical swelling was indicated by ar-

eas of T2 high-signal intensity (HSI) compared to that with 

cortical contrast enhancement. Irritation from LM cells can 

cause inflammatory swelling in the cortex and subcortex. 

However, our patient’s MRI revealed several patchy T2-HSI 

areas of paraventricular white matter except in the cortical 

area. These patchy high signals slowly regressed after immu-

notherapy. Third, her initial EEGs showed multiple areas of 

Figure 2 Treatment schedule and progress of clinical assessment scales

The schedule and effect of immunotherapy (steroid, intravenous immunoglobulin [IVIg], rituximab [RTX], and tocilizumab [TCZ]) are represented by 
clinical assessment scales: the Glasgow Coma Scale (GCS), modified Rankin Scale (mRS), and Clinical Assessment Scale in Autoimmune Encephalitis 
(CASE). Initial IVIg treatment was effective at reducing psychosis, suggesting an autoimmune pathology. Each dose of RTX and TCZ resulted in an in-
crease in the GCS and a reduction in mRS and CASE scores.
ARDS, acute respiratory distress syndrome; SNUH, Seoul National University Hospital. 
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seizure activity starting from the bitemporal area. According 

to a study on EEG characteristics in patients with leptomenin-

geal carcinomatosis [8], the most common characteristic was 

background slowing, while the most frequent findings were 

rhythmic periodic patterns and spike wave activity. Ictal re-

cordings were very rare. Although EEG seems to be of little 

help when differentiating autoimmune seizures from others 

[9], multiple ictal EEG patterns suggest a widespread, multifo-

cal hyperexcitability that might be explained by an autoim-

mune etiology [10]. 

There has been no single standard management for LM of 

NSCLC; instead, a multidisciplinary effort is typically required 

for each individual [11]. Treatment options include radiation 

therapy and systemic or intrathecal chemotherapy. There is a 

special interest in molecular targeted agents (such as EGFR 

TKIs or anaplastic lymphoma kinase inhibitors) for select pa-

tients with actionable gene mutations. Recently, reports have 

shown promising effects of immune checkpoint inhibitors, 

such as nivolumab and pembrolizumab, in LM from NSCLC. 

The question could be raised whether RTX and TCZ had anti-

tumor effects in addition to their expected anti-inflammatory 

effects in our patient. RTX and TCZ have not been considered 

a conventional option for NSCLC, although there are some 

ongoing clinical trials of TCZ in combination with other 

checkpoint inhibitors. TCZ was initially developed as an anti-

rheumatic agent, but only a few reports have shown antitu-

mor effects. One study reported induction of apoptosis of tu-

mor cells in an NSCLC cell culture treated with TCZ [12]. 

However, as a large monoclonal antibody, TCZ is not expect-

ed to penetrate the blood-brain barrier and affect leptomen-

ingeal tumor cells [13]. RTX, a potent CD20 monoclonal anti-

body, has shown efficient depletion of B cells inside primary 

lung tumors [14]. However, to our knowledge, RTX has shown 

no evidence of anti-tumor effects other than in B-cell malig-

nancies. 

In conclusion, we present the case of a patient with confirmed 

LM of NSCLC who demonstrated symptoms suggestive of su-

perimposed paraneoplastic limbic encephalitis. Further study 

is needed to determine the biological background of the con-

nection between LM and autoimmune encephalitis. It is sug-

gested that clinicians consider all possible diagnoses in such 

cases. 
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The safety and efficacy of intravenous
immunoglobulin in autoimmune encephalitis

Study Objective    A prospective clinical trial of IVIG for functional recovery in autoimmune encephalitis.

Study Design and Participants    This single-arm, open-label study assessed the efficacy and safety of 10% 

IVIG treatment (IV-Globulin SN, GC Biopharma) in newly diagnosed patients with possible autoimmune encephalitis.

 1) The primary outcomes showed significant improvement at all time points on days 8 and 29 (P <0.01).

Reference. Ann Clin Transl Neurol. 2022;9(5):610-621.
GC Brand E2PR220198

2) Other secondary outcomes also improved significantly at days 8, 15, and 29 versus baseline.
3) IVIG was generally well tolerated. All IVIG treatment-related adverse events (n=5) were transient and mild. 

  Interpretation      IVIG improved neurological functional outcomes, and the improvement was evident by day 8. 
Adverse effects were tolerable. These data provide the prospective evidence regarding the efficacy of IVIG in improving 
the functional outcomes of autoimmune encephalitis.

[ PP ]

Changes in mRS Scores. Early and continuing improvement in mRS was notable in both the ITT (A) and PP populations (B).

1) The primary outcome was changes from baseline in mRS scores at days 8 and 29.
2) The secondary outcomes were the mRS score improvement and the score changes and improvements on four other 
     clinical scales, i.e. CASE, GCS, CGI-S, CGI-I.

* mRS:modified Rankin Scale CASE:Clinical Assessment Scale in Autoimmune Encephalitis GCS:Glasgow Coma Scal CGI-S:Clinical Global Impression-Severity scale                  
   CGI-I:Clinical Global Impression-Improvement scale
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IVIG 10% infusion
(0.4 g/kg/dayX5 days)

Trial design. After screening for up to 72 hours, eligible patients received 10% IVIG infusion 
for 5 days (0.4 g/kg/day). Outcomes and adverse events were monitored until day 29 after 
the initiation of IVIG (day 1~8, day 15, and day 29). Rescue immunotherapy was permitted 
if the patient deteriorated (mRS change +1 or CGI-I > =6) before day 8 or was not improved 
(no improvement in mRS or CGI-I > =3) when evaluated at day 8.
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Rescue immunotherapy
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Study Flow (ITT: intension-to-treat / PP: per-protocol)

Screening (n=24)

Full filled inclusion criteria (n=23)

IVIG treatment (n=23): ITT population

Completed study (n=18): PP population

No rescue immunotherapy (n=6) Rescue immunotherapy (n=12)

Drop-out (n=3): Physician decision=1, patient decision=1, death=1 
Protocol deviation (n=2)
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▪ Routine EEG
▪ Portable EEG
▪ ICU Monitoring EEG
▪ Ambulatory EEG

▪ Wireless EEG
▪ Sleep PSG
▪ 64 – 512Ch HD EEG
▪ Research

NATUS XLTEK EEG/EMU/PSG
▪ Small and Light, Compact Design
▪ 128 / 256 Referential & 16 Differential Channels
▪ Max. 16,000Hz Sampling Rate for Research
▪ Sleep Study (PSG, 16Ch DC & Pulse Oximeter)
▪ Digital Switch Matrix for Functional Brain 

Mapping with Cortical Stimulator Interface
▪ 8Ch Digital Trigger Input available for ERP 

Research
▪ Base Unit compatible with Wireless / 

Ambulatory (Max. 30 mins)
▪ USB and Ethernet connection
▪ Dual Stream Recording for fast clinical review
▪ Ambulatory HD Video Recording

BESA Research Software

- Source Analysis & Imaging, Coherence, Time-Frequency Analysis
- MRI, Statistics, Epilepsy, Stimulator, Averaging, ERP, QEEG
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