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Objective: To evaluate the sensitivity and specificity of current criteria for the diagnosis of autoimmune encephalitis (AE) and the temporal onset of neuropsychiatric symptoms (NP) in a pediatric encephalitis cohort.

Background: Multiple criteria for AE have been developed, including the Graus and pediatric-focused Cellucci consensus criteria, and the Determining Etiology in Encephalitis (DEE) score for patients with encephalitis. Early identification and treatment of AE is crucial to improve outcomes, but this can be difficult given the frequent overlap of clinical presentation between AE and infectious encephalitis (IE).

Design/methods: A retrospective review was conducted of patients seen at our institution from 2000 to 2021 with a final diagnosis of AE or IE. These were narrowed through multiple exclusions to etiology-confirmed IE or antibody-positive/negative AE. Time of onset or results of all symptoms and diagnostics were recorded. Sensitivity and specificity of each criterion under various clinical scenarios were calculated over the first month after initial NP symptom onset.

Results: A total of 23 antibody-positive AE, 9 antibody-negative AE and 23 IE patients were included in final analysis. Under an idealized scenario with rapid initial diagnostic evaluations, the sensitivity for pediatric AE by day 28 after onset of NP symptoms approached 90% for both Cellucci and Graus criteria. Specificity within these 28 days was low without infectious testing results, increasing the greatest with rapid PCR testing and second with infectious antibody testing—reaching ~90% with both. A DEE score of 3 provided a specificity of 100% in identifying IE, but low sensitivity (29%). Symptoms were noted to cluster within several days of onset in IE, but in AE were spread out. Personality/behavioral change, speech change, affective disorder, and sleep disturbance were noted more often in AE, while fever, elevated C-reactive protein or CSF protein, and abnormal MRI-Brain occurred more often in IE.

Conclusion: In this study, we provide the first evaluation of the Cellucci criteria and the first validation of the DEE score in the differentiation of pediatric AE and IE. Further refinement of AE criteria is needed to improve early detection and treatment of pediatric AE.
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Introduction

Autoimmune encephalitis (AE) occurs when the immune system is misdirected into attacking the brain, resulting in neuroinflammation and neurologic dysfunction. Anti-N-methyl-D-aspartate receptor encephalitis (anti-NMDARE) is the most common cause of AE in children and young adults, and may be more common than individual viral etiologies in encephalitis with negative initial infectious testing (1). Antibody-negative AE is seen in 11–52% of total cases of pediatric AE (2–4), and represents a particular challenge in diagnosis (5). Early initiation of immunotherapy [within the first month of onset of neuropsychiatric (NP) symptoms] has been shown to decrease relapse rates and improve long term outcomes, highlighting the critical importance of timely recognition and diagnosis of AE (6–8).

To assist in distinguishing AE from other causes of encephalopathy, behavior/psychiatric changes, seizures, or infectious encephalitis (IE), several clinical consensus criteria have been developed. The Graus criteria are the most well-known criteria for AE, with separate clinical/paraclinical criteria for possible AE, probable or definite anti-NMDARE, and probable autoantibody-negative AE (9). Pediatric-specific criteria have since been proposed for the diagnosis of AE by Cellucci et al. to reflect the broader range of presenting symptoms and diagnostic challenges specific to pediatric AE (5), achieving appropriate sensitivity and specificity in general cohorts of suspected pediatric AE (10). Recently, the Determining Etiology in Encephalitis (DEE) score has been developed for differentiation of AE and IE in encephalitis (11). While the clinical criteria have guided clinicians in an earlier recognition of AE and earlier immunotherapy initiation, they are time dependent (i.e., the accuracy of the criteria increase over time as symptoms accrue and become more severe), causing tension between initiation of early empiric immunotherapy for AE and ensuring a comprehensive exclusion of infectious etiologies before doing so. Prior studies have shown that the specificity of Graus' possible AE criteria in cohorts of encephalitis may be as low as 8% prior to infectious testing results being known (12). The added contribution to specificity from each phase of infectious testing—polymerase chain reaction (PCR—rapid), antibody (days), and biopsy—have not been assessed.

In our study, we provide the first evaluation of the Cellucci pediatric AE criteria and the DEE score in the difficult clinical scenario of differentiating between AE and IE. For comparison, we evaluated the Graus possible AE and anti-NMDARE criteria in scenarios without diagnostic testing, with rapid diagnostic testing, and with real-world results. We also assessed the contribution of individual infectious testing modalities to specificity. We focused on the first month after initial NP symptom onset given the importance of this early time period for long-term outcome. Finally, we compared onset of symptoms and diagnostics between AE and IE, to provide recommendations for future refinement of clinical criteria in the early differentiation of pediatric AE and IE.



Methods


Patient selection

We conducted a retrospective review of pediatric patients seen at Children's Hospital Colorado between January 2000 and February 2021.

Patients with possible AE were initially identified through an electronic medical record (EMR) query using Slicer Dicer (Epic Systems) for patients with a diagnosis or medical history under the broad diagnostic group code (DGC) of autoimmune encephalitis (encompasses 87 related ICD-10 codes), or on whom cerebrospinal fluid (CSF) anti-neuronal autoantibodies had been sent (Figure 1). After individual chart review, patients with a final diagnosis of AE by a physician at the last clinical encounter and an age of ≥1 years-old and ≤ 19 years-old at the time of initial NP symptoms were included in subsequent evaluation. These patients were categorized as having a diagnosis of antibody-positive AE if meeting the pediatric AE criteria for this disorder as proposed by Cellucci et al. (5). Patients meeting the Cellucci criteria for probable antibody-negative AE subsequently underwent adjudication by author AY, who had not previously been involved in their clinical care. AY was provided all results of blood, CSF, magnetic resonance imaging (MRI), electroencephalography (EEG), and other diagnostic testing, presenting symptoms and time course, response of symptoms to immunotherapy treatment, and any other relevant objective clinical information. Clinical notes were not provided to minimize subjective data and impressions from the treating physicians. Patients with known recent preceding or concurrent IE were not included, given potential overlap of symptom and diagnostic testing.
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FIGURE 1
 Inclusion and exclusion of patients with AE or IE.


Patients with potential IE were initially identified through an EMR query for patients with a diagnosis or medical history under the DGC of viral encephalitis (encompasses 324 related ICD-10 codes), or from review under secondary use of previously collected cases of meningitis, encephalitis, and CSF pleocytosis (Figure 1). Patients who had a final diagnosis of IE at the last clinical encounter and an age of ≥1 years-old and ≤ 19 years-old at the time of initial NP symptoms were included in subsequent evaluation. A lack of confirmed infectious etiology was cause for exclusion given the uncertainty of whether these cases represented a direct infectious process vs. a para-infectious or unrecognized primary autoimmune process. Mycoplasma may cause encephalitis through an indirect autoimmune or para-infectious process and was therefore excluded (13). Both acute necrotizing encephalopathy (ANE) and enterovirus A71 have unique clinical or radiographic features that allow for ready distinction from pediatric AE, and so were also excluded (14). All etiology-confirmed IE that was included in final analysis met the International Encephalitis Consortium's diagnostic criteria for confirmed encephalitis (15).

After completion of chart review and exclusion of patients with an alternative diagnosis or uncertain encephalitis etiology, patients with antibody-positive AE, antibody-negative AE, or etiology confirmed IE were included in final analysis.



Data collection

Detailed clinical and paraclinical data were obtained through chart review and input into a standardized REDCap data collection tool for all patients included in final analysis. Demographic information, medical history, constitutional and NP symptoms, and paraclinical data were recorded, as well as the time of presentation or test result for each symptom or diagnostic test. NP symptoms included any NP symptoms or signs noted by the patient, caregiver, or medical provider, with the day of onset of NP symptoms being recorded as Day 0 of the illness. NP symptoms were categorized as detailed in prior clinical consensus criteria (5, 9). Constitutional symptoms included any non-neuropsychiatric symptoms occurring within the month prior to or after the onset of NP symptoms. Paraclinical data included serum and CSF inflammatory and infectious studies [including serum C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR)], EEG, MRI of the brain (MRI-Brain), and oncologic testing as applicable.



Clinical consensus criteria for AE and DEE score

Several consensus criteria for AE and the DEE score were applied in our analysis. The Graus clinical consensus criteria for AE were published in 2016 (9). Specific criteria used in our analyses included the possible AE criteria and the probable NMDARE criteria. The probable NMDARE criteria is solely symptom-based, while the possible AE criteria requires either multiple neurologic and psychiatric symptoms, or at least one NP symptom in addition to CSF or MRI evidence of neuroinflammation/encephalitis. The Cellucci criteria for pediatric AE were published in 2020, as a refinement of the Graus criteria for use in pediatric populations (5). There are three diagnostic categories present within this criteria—that of possible AE, probable antibody-negative AE, and definite antibody-positive AE—each of which are applied in our analyses. The Cellucci criteria differs from the Graus criteria in several ways, including the use of EEG findings in determining altered mental status, inclusion of developmental regression for younger children, an increased focus on symptoms relevant to the most common pediatric AE, NMDARE, and removal of CSF or MRI evidence of inflammation from the possible AE criteria. Each of these criteria require a rapid, subacute onset of symptoms over <3 months, and a reasonable exclusion of other disorders (at the physician's discretion).

The Determining Etiology in Encephalitis (DEE) score was recently described to assist in distinguishing between AE and IE based on presence of fever, initial CSF cell count ≥50 cells/μL, and initial CSF protein ≥75 mg/dL—quickly and easily available clinical parameters (11). These parameters were evaluated for predictive value from a set of author-selected parameters thought to be clinically relevant. This score has not yet undergone validation with a separate cohort.



Data analysis

For the temporal data collected, the published consensus criteria for the diagnosis of possible or probable AE were applied to each case of AE and IE to determine the day on which each patient met the AE criteria under various clinical scenarios (5, 9). To assess the criteria and local diagnostic testing alone, results of autoantibody testing were not included in the analysis. An important part of each criterion, the “exclusion of alternative etiologies,” was performed by including objective infectious testing. Given the interest in the early phase of encephalitis, we focused on the first 4 weeks (28 days) after NP symptom onset. The DEE score was calculated as previously described (11).

For sensitivity, the clinical scenarios of interest included “Symptoms Only” (prior to any diagnostic testing), “Initial Diagnostics” (all initial paraclinical testing completed—MRI, EEG, and basic CSF studies without autoantibodies—at the time they were performed clinically), and “Immediate Diagnostics” (all initial paraclinical testing, but with the assumption that the testing was performed immediately once they met criteria for possible AE by symptomatology alone). Temporal curves were developed for these scenarios for the Cellucci possible/probable AE criteria and the Graus criteria (both possible AE and probable NMDARE). These are meant to mirror three separate scenarios in which the clinical criteria may be applied for decision-making in clinical practice. First, when a patient initially presents and the provider must decide whether to order paraclinical testing for further evaluation based on symptoms alone; second, a real-world scenario after these initial paraclinical tests result (but autoantibodies have not yet returned) and the provide must decide whether to initiate empiric immunotherapy; and finally, an idealized scenario where testing is obtained immediately after meeting AE criteria by clinical symptoms alone, and all abnormalities seen on real world testing are also present at that early time point. This idealized scenario leads to an estimate of the maximal sensitivity for each full criterion (includes both clinical and paraclinical data).

For specificity, a set of temporal curves were created for three separate scenarios: at completion of all initial paraclinical testing alone, with the addition of infectious PCR testing, and with the addition of both infectious PCR and antibody testing. These correspond to scenarios in which a provider has obtained all initial paraclinical testing and must decide whether they have completed a “reasonable exclusion” of infectious causes before starting empiric immunotherapy (5, 9). These scenarios highlight both the relative contributions of each of these infectious diagnostic modalities to improving the specificity and certainty of the criteria, as well as delays in treatment that may occur while waiting for this testing to return.



Statistical analysis

Descriptive statistics were used for demographic, admission, and treatment variables. The proportions for the presence of relevant clinical or paraclinical features were compared between the AE and IE cohorts using a Chi-squared or Fisher exact test. Given the non-normal distribution of the temporal data, the medians for continuous variables were compared using Wilcoxon rank sum tests. Given the number of potential comparisons, only those comparisons of interest were performed, and a Bonferroni correction was performed for an original α = 0.05, giving an adjusted-α = 0.0013. For calculations of sensitivity, specificity, and accuracy, true positives were patients with AE meeting the specified criteria for AE in a given clinical scenario at that time point, false positives were patients with IE meeting the specified AE criteria, true negatives were patients with IE not meeting the specified AE criteria, and false negatives were patients with AE not meeting the specified AE criteria.



Standard protocol approvals, registrations, and patient consents

Approval to conduct this secondary retrospective analysis was received from the Colorado Multiple Institutional Review Board (COMIRB). Participant consent was not required by the board under exempt status.




Results


Patient inclusion, demographics, and descriptive statistics

A total of 23 patients with antibody-positive AE, 9 patients with antibody-negative AE, and 23 patients with etiology-confirmed IE were included in final analysis, as shown in Figure 1. Fourteen patients with a final diagnosis of antibody-negative AE by the treating physician in chart review were excluded after failing to meet the Cellucci criteria. Four of these that were excluded by the Cellucci criteria were thought to be clinically consistent with antibody-negative AE by our author AY (these patients were not included in final analysis). Of the 19 patients categorized as antibody-negative AE after application of the Cellucci criteria, 10 were thought more likely to have a primary psychiatric disorder, epilepsy, genetic disorder, IE, or a para-infectious process after review of the case by the adjudicating author AY. These 10 patients were also not included in final analysis, given the conflicting diagnoses from AE criteria and blinded adjudication.

The demographics and final diagnoses of these groups are shown in Table 1. Among the antibody-positive AE group, the majority were anti-NMDARE, with one case of anti-glycine receptor (anti-Gly-R) encephalitis. Among IE cases, the majority were HSVE (39%) or West Nile Virus (WNV) encephalitis (30%). Immunotherapy was started a median of 3 and 2.5 days after patients had met the AE clinical criteria (including initial diagnostic testing and return of infectious testing) for antibody-positive and negative AE patients, respectively. Infectious testing resulting in the diagnosis of IE returned in a median of 1.5 days (PCR) and 4 days (infectious antibodies) after being sent.


TABLE 1 Demographics and descriptive statistics of patients included in study.

[image: Table 1]



Frequency and temporal onset of symptoms and diagnostic abnormalities

Differences between the clinical symptoms and paraclinical testing seen in our AE (combined antibody-positive and antibody-negative) and IE cohorts are shown in Table 2. Personality/behavioral change, speech change, affective disorder, movement disorder, and sleep disorders were seen more often in AE, while fever, elevated CRP, elevated CSF protein, and MRI abnormalities were seen more often in IE. Descriptive statistics of the frequency of clinical symptoms and paraclinical testing abnormalities for antibody-positive and antibody-negative AE individually is provided in the (Supplementary Table 1).


TABLE 2 Clinical symptoms and paraclinical diagnostic testing in AE and IE.

[image: Table 2]

The temporal onset of multiple NP symptoms in IE occurs over a shorter period compared to AE, as shown visually in Figure 2. A total of 13 IE cases (57%) never met Symptoms-Only Graus possible AE criteria, and 7 IE cases (30%) never met Symptoms-Only Cellucci possible AE criteria. These cases presented with seizure or altered mentation/cognition alone, without other NP symptoms. Of the remaining IE cases that did meet Symptoms-Only Cellucci or Graus criteria at one time point, all met this by day 3 after initial NP symptom onset—i.e., there was no longer than 3 days between the initial NP symptom and the development of additional NP symptoms.


[image: Figure 2]
FIGURE 2
 Temporal onset of constitutional and NP symptoms in IE and AE. Graphs present cumulative percentage of patients with each individual symptom relative to onset of initial NP symptom (Day 0).




Sensitivity and specificity of clinical criteria

The sensitivity and specificity of the Cellucci and Graus criteria within the pediatric encephalitis cohort (AE and IE) are shown in Figures 3,4. Additional figures showing the sensitivity of these criteria within antibody-positive and antibody-negative AE, individually, is provided in the (Supplementary Figures 1, 2).


[image: Figure 3]
FIGURE 3
 Sensitivity of the Cellucci and Graus criteria for pediatric AE over the first month after NP symptom onset utilizing (A) clinical symptoms alone (Symptoms Only), (B) both clinical symptoms and initial paraclinical diagnostic testing (EEG, MRI, CSF) without autoantibodies (Initial Diagnostics), and (C) assuming an idealized scenario where diagnostic testing are immediately obtained after meeting symptom criteria (Immediate Diagnostics). The probable NMDARE criteria was applied only to patients with NMDARE.
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FIGURE 4
 Specificity of the Cellucci and Graus criteria for pediatric AE over the first month after neuropsychiatric symptom onset with (A) clinical symptoms and initial diagnostic testing (without infectious PCRs or antibodies), (B) clinical and initial diagnostics including PCR testing, (C) clinical and initial diagnostics including both PCR testing and infectious antibody testing.


For clinical symptoms only, sensitivity was highest with use of the Cellucci possible AE criteria, as shown in Figure 3A. Sensitivity was lowered by the inclusion of real-time paraclinical testing (Initial Diagnostics), likely due to the delay in obtaining this testing (Figure 3B). With assumption of the idealized paraclinical testing (Immediate Diagnostics), both Graus and Cellucci performed very similarly, reaching ~90% sensitivity by day 28 (Figure 3C). There was no statistically significant difference between the accuracy of these two criteria at 28 days under the scenarios of Symptoms Only (61.8 vs. 56.4%, p = 0.56), Initial Diagnostics (50.9 vs. 60.0%, p = 0.34), or Initial Diagnostics including infectious PCR/antibodies (81.8 vs. 83.6%, p = 0.80). For patients with NMDARE, specificity was higher and sensitivity was lower when applying the Graus symptom-based probable NMDARE criteria than either general possible AE criteria—over the entire study period (extending past 28 days) the sensitivity and specificity of the probable NMDARE criteria each reached 87%.

Without any infectious-specific diagnostic testing, the specificity of each criterion (both Symptoms Only and with Initial Diagnostics) were low (Figure 4A). The specificity of the criteria increased with the addition of each infectious diagnostic modality—PCR testing provided the greatest increase in specificity, followed by infectious antibody testing (Figures 4B,C). The remainder of the IE patients were diagnosed by biopsy.

A total of 6 of 21 patients with IE and 0 of 32 patients with AE had a DEE score of 3 (presence of fever, initial CSF cell count ≥50 cells/μL, and initial CSF protein ≥75 mg/dL), giving a sensitivity of this score for AE being “highly unlikely” (i.e., of IE being likely) of 29%, and a specificity of 100%.




Discussion

In this study, we provide an evaluation of the Cellucci criteria and DEE score in the differentiation of pediatric AE and IE, and identify temporal and clinical factors that may assist in the refinement of future criteria.


Sensitivity and specificity of clinical criteria

Though sensitivity should be maximized during the first month after NP symptom onset, given the known association of delayed diagnosis >1 month with a worse clinical outcome, we found the sensitivity of both criteria at 28 days only reached ~80% in a real-world scenario and 90% in an ideal scenario. Approximately 10–20% of patients with pediatric AE would therefore be diagnosed outside the optimal 1-month window for immunotherapy if decision-making followed the criteria strictly. The real-world sensitivity is dependent on when providers decide to perform paraclinical testing; therefore, lower sensitivity may be due to a lack of recognition of symptoms of AE in children or early misdiagnosis. The use of the Symptoms Only clinical criteria gave sensitivities at 28 days of 81% (Graus) or 94% (Cellucci), suggesting the utility of these criteria in the decision to pursue further diagnostic testing for AE.

The inclusion of radiologic and intrathecal markers of inflammation in the clinical criteria are appropriate to help distinguish between inflammatory and non-inflammatory etiologies of symptoms. However, different forms of encephalitis are difficult to distinguish between by using readily available markers of inflammation, and so the clinical consensus criteria for AE also have difficulty with distinguishing between the two unless a “reasonable exclusion” of infection is made. Our study demonstrated the value of each phase of infectious testing for this “reasonable exclusion”—with initial rapid PCR testing increasing specificity of the clinical criteria from ~20% to 60–70%, and infectious antibodies (primarily CSF WNV IgM) increasing this further to 91%. The magnitude of the increase in the specificity after complete infectious results is similar to that found in a previous study evaluating AE and IE (12). Another study showed a sensitivity of 90% and specificity of 83% at 2 weeks for the Graus possible AE criteria in adult patients with encephalitis, a much higher sensitivity and a lower specificity than seen in our study (16). As each phase of infectious testing may have differing times until results finalize (median 1.5 days and 4 days for PCR and infectious antibody testing, respectively, in our study), clinicians must make a decision on how thorough infectious testing must be to give a “reasonable exclusion” and initiate empiric immunotherapy for AE. These decisions are individualized for each patient based on presentation, severity, and individual, seasonal, and regional risk factors for IE. This study helps to inform such decisions and will ideally decrease the time from meeting criteria for AE to empiric immunotherapy—a median of 2.5–3 days of delay was seen in our study.

The Graus criteria for anti-NMDARE—the most common pediatric AE—had high specificity in our study, especially within the first few days after symptom onset. This criterion unfortunately showed a lower sensitivity compared to the general AE criteria over the first month—highlighting the utility of also using the symptom-based general possible AE criteria in screening for patients needing additional diagnostic evaluation. Compared to another study evaluating pediatric anti-NMDARE, our sensitivity was very close to theirs at early time points [week 1 (26 vs. 26%), week 2 (52 vs. 48%)], with slightly lower sensitivity (87 vs. 90%) and specificity (87 vs. 96%) at the final time point (17), and similar to that reported in adult patients (18).

A DEE score of 3 in our pediatric cohort gave a specificity of 100% for showing AE as being “highly unlikely” (i.e., in this context, for IE being likely), higher than the 75% seen in the training cohort of adult and pediatric patients with acute meningoencephalitis in the original paper (11). Sensitivity was much lower in our study however (29 vs. 92%). Differences between the two may be due to differences in identifying and defining our cohorts of IE and AE, or our focus on pediatric patients. Regardless, our study provides validation for use of this score in pediatric encephalitis—with a score of 3 giving a low probability of the encephalitis being autoimmune in origin.



Symptoms and diagnostic testing

Our study elucidated potential areas for future refinements of the clinical criteria for AE in cohorts of encephalitis. Prior studies have found that compared to IE, AE is associated with higher rates of psychosis, movement disorders, non-convulsive or super-refractory status epilepticus, speech/behavior changes, and presence of CSF-restricted oligoclonal bands (OCBs), with lower rates of fever, headache, lower CSF nucleated cell counts and protein, and diffusion restriction on MRI-Brain (1, 5, 12, 19–24). In our study, we noted the presence of a personality or behavioral change, affective disorders, speech change, and sleep disorders to be more common in patients with AE. Fever, elevated CRP, elevated CSF protein, and an abnormal MRI were more common in IE. Sleep disturbance has not been reported as showing a significant difference between IE and AE previously, although this is a well-known clinical symptom in AE (25, 26).

From Figure 2 and Table 1, it is noted that in IE, if a second NP symptom was to present, it presented by at latest 3 days after initial NP symptom onset, while in AE, it could present up to 52 days after onset. Infectious causes of encephalitis have been noted in other studies to have a more acute progression than autoimmune causes (23, 27, 28). For constitutional symptoms, fever occurred in a much higher frequency in IE compared to AE—and in IE either occurred before or up to 2 days after initial NP symptom onset. In AE, only 16% had fever onset before/at Day 2. While prior studies have looked at temporal ranking and which symptom occurred first, second, etc. (29, 30), this study focused on temporal dispersion throughout a clinical course—allowing for assessment of unique temporal clustering of symptoms. These observations may indicate a useful and under-recognized feature in distinguishing AE and IE—the temporal clustering and temporal onset of symptoms.

The current AE criteria focus on differentiating AE from not only IE, but also primary psychiatric, epileptic, genetic, and neurodegenerative disorders, so sensitivity and specificity will vary greatly depending on the presenting symptom or clinical context they are applied to (encephalopathy, psychosis, seizure, encephalitis, etc.). In future clinical criteria for AE, it may be most useful to have criteria specific to the core presenting symptom—by limiting the potential mimics of AE that are being distinguished between, specific unique features of AE within that cohort may maximize accuracy of the clinical criteria model. For example, the APE2 and RITE2 scores have been developed specifically for evaluation of autoimmune epilepsy and encephalopathy and since been evaluated in other centers (31–33), and psychiatric symptom clustering has been evaluated for identification of autoimmune psychiatric disease (34).

In the same way, the development of specific criteria to distinguish between AE and IE is needed. The DEE score represents a step-forward in distinguishing rapidly between AE and IE, and this study provides validation for its use in pediatric patients. Our study supports the inclusion of fever and elevation in CSF protein within the DEE score, but also suggests evaluation of CRP, abnormal MRI-Brain, the presence of specific NP symptoms, and temporal onset of symptoms in future revisions of this criteria. Until new rapid technologies or novel biomarkers are developed (35–40), validated, and widely available, reliance on the clinical criteria discussed here and their refinements will remain a mainstay for empiric diagnosis and treatment, especially in resource limited settings.



Limitations

Initial identification criteria for the study were chosen to ensure a broad catchment of the disease processes of interest. The strict and multi-layered exclusion criteria for both AE and IE were chosen to provide increased confidence in the final diagnosis, and to clearly differentiate disease processes for which immunotherapy may be beneficial or detrimental. However, by our strict criteria patients with true viral encephalitis (albeit etiology unconfirmed) or true antibody negative AE may have been excluded, weighting our data set away from that seen in clinical practice. Other studies have used broader “probable” AE and IE categories (12); we chose to focus on definite cases to decrease data variability and the risk of misclassification, but this decision also limited our study size. Additionally, we chose to exclude a very common cause of brainstem encephalitis at our institution, enterovirus A71, due to its distinctive features (41, 42). The majority of the cases occurred prior to the COVID-19 pandemic and the identification of post-COVID encephalopathy/encephalitis (43). It is not clear yet if future analysis of these cases will increase or decrease the sensitivity of the criteria tested here. It should also be noted that no cases of solely anti-MOG related AE were present in our study. On subsequent review, all patients with anti-MOG disease during the study time period presented with a demyelinating rather than encephalitic phenotype. As increased recognition of FLAIR-hyperintense lesions in anti-MOG-associated encephalitis with seizures (FLAMES) and other encephalitic phenotypes of anti-MOG disease occurs and testing increases (44), inclusion of these patients in future studies may alter the comparison of AE and IE clinical symptoms and testing from those given here. Finally, AE and IE may not be mutually exclusive—similar to NMDARE presenting after HSVE, post-infectious or para-infectious encephalitis may blur the lines between AE and IE. These cases were not considered in this study given the difficulty in categorizing these patients under the current AE criteria, and uncertainty regarding appropriate treatment approach.

For confidence in the diagnosis of antibody-negative AE, we applied the Cellucci criteria for pediatric antibody-negative AE—all patients who met Graus criteria also met Cellucci criteria. In our study, 28% of AE patients were antibody-negative after adjudication, and if only Cellucci criteria was applied, 59%, comparable to other pediatric studies (2–4). However, it may be that the Cellucci criteria does not accurately identify antibody-negative AE—our adjudicator AY identified several patients as AE that did not meet Cellucci criteria, and several patients meeting Cellucci criteria were adjudicated as another primary non-AE disorder. This lack of concordance points to the disconcerting notion that our knowledge of the spectrum and etiology of antibody-negative AE remains imperfect (10), and that even using objective clinical criteria or subjective expert clinical experience, we may be prone to under or overdiagnosis. While not the focus of this study, this topic by itself is worth of further evaluation—what factors clinicians consider the most in diagnosing antibody-negative AE, and if it is possible to capture and weight these factors objectively in a clinical criterion.

Finally, and importantly, this study was limited by its size, its location at a single center, and retrospective nature. The findings of this study will need to be confirmed in larger, multi-center prospective studies on pediatric encephalitis given these limitations.




Conclusions

While the Cellucci and Graus criteria provide a guide for identification of pediatric AE, the sensitivity and specificity of these criteria do not increase above 90% within the first month of symptom onset in pediatric encephalitis. Rapid PCR testing provides the greatest contribution to ruling out infectious etiologies. A DEE score of 3 gives a low probability of AE in pediatric patients with encephalitis. Further refinement of criteria is needed to define antibody-negative AE and to improve early detection and treatment of pediatric AE within encephalitis presentations.
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 Sensitivity of the Cellucci and Graus criteria for pediatric antibody-positive AE over the first month after NP symptom onset utilizing (A) clinical symptoms alone (Symptoms Only), (B) both clinical symptoms and initial paraclinical diagnostic testing (EEG, MRI, CSF) without autoantibodies (Initial Diagnostics), and (C) assuming an idealized scenario where diagnostic testing are immediately obtained after meeting symptom criteria (Immediate Diagnostics).

Supplementary Figure 2
 Sensitivity of the Cellucci and Graus criteria for pediatric antibody-negative AE over the first month after NP symptom onset utilizing (A) clinical symptoms alone (Symptoms Only), (B) both clinical symptoms and initial paraclinical diagnostic testing (EEG, MRI, CSF) without autoantibodies (Initial Diagnostics), and (C) assuming an idealized scenario where diagnostic testing are immediately obtained after meeting symptom criteria (Immediate Diagnostics).
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