microbiology
research

Article

Closing the Diagnostic Gap in Encephalitis and Acute
Disseminated Encephalomyelitis through Digital Case
Classification and Viral Metagenomics

Patrick E. Obermeier 1200, Xiaolin Ma 3, Albert Heim % and Barbara A. Rath 1.2/*

check for
updates

Citation: Obermeier, PE.; Ma, X;
Heim, A.; Rath, B.A. Closing the
Diagnostic Gap in Encephalitis and
Acute Disseminated
Encephalomyelitis through Digital
Case Classification and Viral
Metagenomics. Microbiol. Res. 2024,
15,900-913. https://doi.org/10.3390/
microbiolres15020059

Academic Editors: Jorge H. Leitao,

Nitin Amdare and Joana R Feliciano

Received: 28 March 2024
Revised: 5 May 2024
Accepted: 11 May 2024
Published: 23 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Infectious Diseases & Vaccines, Vaccine Safety Initiative, D-10437 Berlin, Germany; p.e.obermeier@gmail.com
Laboratoire Chrono-Environnement LCE, UMR CNRS 6249, Université Bourgogne Franche-Comté,

F-25000 Besangon, France

National Reference Center for Influenza, Robert Koch-Institute, D-13353 Berlin, Germany;
pediamaxl@outlook.com

National Reference Laboratory for Adenoviruses, Hannover Medical School, D-30625 Hannover, Germany;
heim.albert@mh-hannover.de

*  Correspondence: barbara.rath@gmail.com

Abstract: Encephalitis and acute disseminated encephalomyelitis (ADEM) are often caused or
triggered by viruses—but the specific pathogen commonly remains unidentified in routine care. We
explored the use of viral metagenomic next-generation sequencing (mNGS) in addition to PCR testing
of non-invasive stool samples to see if unbiased testing could potentially increase diagnostic yield.
To identify specific clinical cases at the point of care, we took advantage of a previously published
digital app allowing instant clinical case classification based on consensus case criteria, the VACC-
Tool. This hospital-based prospective digital surveillance program assessed 100 pediatric patients
(mean age: 11 years, range: 0.15-17.85; 49% male) with case-confirmed encephalitis and/or ADEM.
Analysis of case classification at the point of care revealed that in routine care, 96% of confirmed
encephalitis/ ADEM cases had been missed. Overall agreement of routine care diagnoses with digital
encephalitis/ ADEM case classification was <50%. Also in routine care, only 13% of cases held a virus-
related diagnosis, i.e., herpesvirus (n = 8) and enterovirus infection (n = 5). Use of mNGS increased
the yield of virus detection by 77% (n = 23 virus hits). Specifically, mNGS identified 10 additional
virus species beyond herpes- and enteroviruses. Of the additional 23 virus hits detected with mNGS,
PCR confirmation was possible post hoc in 14 cases (61%). Linking digital case classification, mNGS,
and PCR testing may not be feasible in routine care at this point but may help to provide hints to the
pathogenesis of encephalitis/ ADEM in childhood, warranting further research and exploration.

Keywords: CNS infection; case classification; pediatrics; precision medicine; ADEM; encephalitis;
surveillance; metagenomic next-generation sequencing

1. Introduction

Encephalitis and acute disseminated encephalomyelitis (ADEM) are infectious/
inflammatory diseases of the central nervous system (CNS). Both are potentially seri-
ous health conditions requiring early and accurate diagnosis [1]. However, neurological
signs and symptoms can be subtle or atypical, especially in children, thus implicating
diagnostic challenges [2—4].

To help healthcare professionals establish a reliable diagnosis with minimal ascertain-
ment bias, health authorities advocate the use of consensus case criteria. But in routine
care, they are hardly ever used [5]. To facilitate compliance with case definitions, the
Vaccine Safety Initiative (VIVI, formerly Vienna Vaccine Safety Initiative), an international
non-profit research organization, developed the VACC-Tool (Vaccine Safety Automated
Case Classification Tool): a mobile precision medicine application comparing the patient’s

Microbiol. Res. 2024, 15, 900-913. https:/ /doi.org/10.3390/microbiolres15020059 https:/ /www.mdpi.com/journal/microbiolres


https://doi.org/10.3390/microbiolres15020059
https://doi.org/10.3390/microbiolres15020059
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microbiolres
https://www.mdpi.com
https://orcid.org/0000-0002-5631-9112
https://orcid.org/0000-0001-5181-8417
https://doi.org/10.3390/microbiolres15020059
https://www.mdpi.com/journal/microbiolres
https://www.mdpi.com/article/10.3390/microbiolres15020059?type=check_update&version=1

Microbiol. Res. 2024, 15

901

clinical presentation to published case definitions in real-time. The VACC-Tool was prospec-
tively validated in the context of a digital surveillance and quality improvement program
where it proved to efficiently harmonize diagnoses compared to retroactive chart review
and ICD (International Statistical Classification of Diseases and Related Health Problems)
coding, which are prone to bias and rather serve for billing purposes [5,6]. A key benefit of
the VACC-Tool was that capturing clinical data at the bedside allowed the “right questions
to be asked at the right time”, overcoming another drawback of routine medical records,
which are often incomplete [5,7].

Once a precision clinical diagnosis is established and ascertained using standardized
case criteria, the causality assessment constitutes the next logical step to initiate adequate
therapy and/or infection control measures. The majority of encephalitis and ADEM cases
are associated with viral infection [8]. In routine care, however, the question of etiology
remains unresolved in ~50% of cases. Possible associations may remain undetected when
only a limited number of specific pathogens, including viruses, are routinely tested with
CNS serology and conventional PCR [3,9,10]. In addition, lumbar puncture is invasive
and viruses triggering post-infectious ADEM may no longer be detectable in the CNS
compartment at the time of symptom onset. This means that little progress has been made
in the resolution of encephalitis and ADEM cases in routine care, leaving clinicians and
patients/parents puzzled and unsatisfied.

On this note, the study team wished to explore whether unbiased /agnostic molecular
pathogen detection techniques, such as metagenomic next-generation sequencing (mNGS)
may enable the identification of any genomic sequence present in a well-defined set of
tightly controlled clinically confirmed cases. In contrast to sequence-dependent conven-
tional detection methods, mNGS asks an “open-ended question” thereby promising to
diminish bias on the laboratory end [11]. Still, mNGS signals do not prove causality, and the
technique requires specific expertise to adequately interpret mNGS results and a laboratory
skilled at controlling for any contamination or misinterpretation. Therefore, mNGS has
not yet entered the realm of routine diagnostics, also due to variations in sensitivity and
methodology between laboratories [11,12].

However, one of the requirements for adequate interpretation of mNGS results lies
in the precise delineation and differentiation of clinical cases (Where mNGS samples are
obtained) based on rigorous case definition and data standards. This appears to have been
a major obstacle to advancing knowledge of the role of specific pathogens (or combinations
thereof) in cases of CNS infection/inflammation.

A comprehensive diagnosis cannot usually be made based on clinical or laboratory
findings alone, but rather by linking them. Particularly in the case of (post- or para-)
infectious diseases, a diagnosis is most specific when it includes a syndromic label and
a reference to the infectious trigger. The diagnostic gap in complex diseases such as
encephalitis and ADEM can only be closed via methods that eliminate uncertainty and bias
in both the clinical and laboratory domain.

In this study, we implemented a nested digital surveillance approach for the investiga-
tion of pediatric encephalitis and ADEM, combining two means of precision medicine:

() Automated case classification using the VACC-Tool at the patient’s bedside;
(I) Viral mNGS and conventional PCR testing of stool samples.

The goal is to close the ‘diagnostic gap’ in complex infectious/inflammatory CNS
diseases by mitigating bias towards both the clinical and laboratory end.

2. Materials and Methods

We conducted the present study in the context of a prospective digital surveillance and
quality improvement program for children with CNS infection/inflammation, which was
performed independently from routine care at the Charité University Hospital in Berlin,
Germany. The digital surveillance and quality improvement program was approved by
the Charité Institutional Review Board (IRB number: EA2/161/11). All procedures were
performed in compliance with the ethical standards of the Declaration of Helsinki and
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according to German laws. Written informed consent was waived for the purpose of quality
improvement and infection control. Verbal informed consent was obtained from patients
above 16 years of age or from parents or caretakers of underage patients [13].

2.1. The Overall Digital Surveillance and Quality Improvement Program

From November 2010 to December 2013, 444 pediatric inpatients (mean age: 7 years,
range: 0.03-18; 56% male) who met entry criteria of suspected CNS infection/inflammation
(fever and specific CNS symptoms and/or lumbar puncture) [13] participated in the
prospective digital surveillance and quality improvement program. Exclusion criteria
were known seizure disorder, CNS lesion/tumor, intoxication, traumatic head injury, or
acute diarrhea/dehydration [13].

All patients underwent standardized assessments using the VACC-Tool for automated
case classification at the point of care performed by specifically trained staff [5,7,13,14].
The VACC-Tool 1.0 is a validated mobile application allowing clinicians to assess a pa-
tient while comparing the disease presentation with published case definitions for aseptic
meningitis, encephalitis, myelitis, and ADEM [4,15]. Data entered into the VACC-Tool are
fully compliant with international data standards issued by the Clinical Data Interchange
Standards Consortium (CDISC) to enable interoperability of data across sites [5,7,16].

From all patients, stool samples were collected and transferred to the German National
Reference Center for Poliomyelitis and Enteroviruses at the Robert Koch-Institute in Berlin,
Germany for systematic blinded PCR testing for enteroviruses and parechoviruses as
described earlier [13,14].

2.2. The Nested Study Cohort—100 Patients under Investigation

The present nested study was limited to 100 patients/patient samples for logistical
and cost constraints. We selected all patients fulfilling encephalitis and /or ADEM case
criteria within the overall digital surveillance and quality improvement program, arriving
at 100 encephalitis/ ADEM patients from November 2010 to December 2013 (Figure 1).

Number of patients seeking medical care in the pediatric
emergency room from November 2010 to December 2013

81,617

Number of patients hospitalized for any indication

13,469

Number of patients fulfilling pre-defined case criteria for OVERALL DIGITAL SURVEILLANCE

CNS infection/inflammation with stool samples AND QUALITY IMPROVEMENT
PROGRAM
444
100 NESTED STUDY

Patients fulfilling encephalitis and/or ADEM case criteria

Encephalitis — 99

Figure 1. Flowchart showing how the nested study (1 = 100) embeds into the overall digital surveil-
lance and quality improvement program for pediatric patients with infection/inflammation of the
central nervous system (CNS).
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We searched routine care discharge letters of all 100 encephalitis/ ADEM patients for
encephalitis and/or ADEM and/or other ‘infectious disease’-related discharge diagnoses
according to ICD-10 coding.

2.2.1. Viral mNGS—Sample Processing

Stool samples of all 100 encephalitis/ ADEM patients underwent pooled viral mNGS.
Stool suspensions were mixed with phosphate-buffered saline (0.75 mL) and zirconia beads
(0.2 g), vortexed, and spun at 12,000 rounds per minute (rpm) in a tabletop microfuge for
10 min and supernatants were transferred into Eppendorf tubes. Supernatants (200 uL) were
filtered through a 0.45 pm pore filter to exclude cells and large particles. The filtrates were
then digested with a combination of DNAse and RNAse nucleases to reduce background of
host and bacterial genetic material and enrich for viral nucleic acids protected from nuclease
digestion within their capsids [17,18]. Nucleic acid extraction was performed using the
Qiagen Viral RNA mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. Viral cDNA synthesis was performed separately on each individual sample
using viral nucleic acids (10 pL) with random hexamers (100 pmol) at 72 °C for 2 min.
200 U SuperScript III reverse transcriptase (Invitrogen, Waltham, MA, USA), 0.5 mM
of each deoxynucloside triphosphate (ANTP), 10 mM dithiothreitol, and 1x first-strand
extension buffer were added to the mixture and incubated at 25 °C for 10 min, followed
by 50 °C incubation for 1 h and 70 °C for 15 min. Second-strand cDNA synthesis was
performed via incubation of reversely transcribed products with 5 U of Klenow Fragment
DNA polymerase (New England Biolabs, Ipswich, MA, USA) at 37 °C for 1 h followed by
75 °C for 20 min.

The resulting double-stranded cDNAs from groups of five stool samples were then
pooled (20 pools total). The transposon-based Nextera XT DNA sample preparation
kit (Illumina, San Diego, CA, USA) was used followed by PCR using unique pairs of
index barcodes for each pool. Each library was quantified using Kapa Library Quant kit
(Kapa Biosystems, Wilmington, MA, USA) following the manufacturer’s instructions, and
the equimolar DNA quantities were pooled for sequencing using one flow cell on the
Mumina HiSeq4000 instrument with 150 paired-end sequencing.

2.2.2. Viral mNGS—Bioinformatics Pipeline

Paired-end sequencing reads were debarcoded with Illumina vendor software v3.

Reads were considered duplicates if base positions 5 to 55 were identical. One random
copy of duplicates was kept. Low sequencing quality tails were trimmed using Phred
quality score 20. Adaptor and primer sequences were trimmed using VecScreen11 default
parameters. Cleaned reads were de novo assembled using Ensemble Assembler [19].
Assembled contigs, along with the remaining singlets, were aligned to an in-house viral
proteome database using BLASTx. Matches to virus proteins were aligned to an in-house
non-virus-non-redundant (NVNR) universal proteome database using BLASTx.

To subtract human and bacterial reads, nucleotide databases were compiled as fol-
lows: Human reference genome sequences and mRNA sequences (hg38) were concatenated.
Bacterial nucleotide sequences were extracted from NCBI nr fasta files based on NCBI taxon-
omy. Human and bacterial nucleotide sequences were compiled into Bowtie2 (version 2.2.4)
databases [20] for cellular sequences subtraction. Two databases were constructed: (1) a
virus BLASTx database using the NCBI virus reference proteome to which viral protein
sequences from NCBI nr fasta files were added and (2) a NVNR database using sequences
extracted from NCBI nr fasta file. Repeats and low-complexity regions were masked using
segmasker from blast+ suite (version 2.2.7). Hits with lower adjusted E-value to NVNR
than to viral proteins were removed.

To account for potential barcode index-switching between pools, which had been
described earlier using the Illumina HiSeq4000 instrument [21], the following algorithm
was established for reporting the presence of viruses: The pool with the highest percentage
of viral reads for a given viral species (hottest pool) was considered true-positive. Other
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pools sharing an index barcode with viral reads >15% of the percentage of reads in that
hottest pool were considered positive. If genetic analysis of the reads relative to the genome
or contigs from the hottest pool showed the presence of a different genotype, that sample
was also considered positive with reads <15% threshold. The pool with the second highest
percentage of viral reads considered true-positive was then used to exclude pools with
which it shared an index barcode according to the same rules. This process was repeated
until no more pools with reads to that virus species could be excluded.

2.2.3. PCR Testing

Aliquots of pooled samples were reassessed using specific confirmatory PCR to narrow
down pooled mNGS results to the individual patient level for human adeno-, boca-, rota-,
saffold-, and sapovirus [22-26].

PCR testing of the same samples for enteroviruses and parechovirus A had been
performed as per protocol of the overall digital surveillance and quality improvement
program [13].

2.2.4. Statistics

Descriptive statistics were performed with SPSS 22.0 (IBM Corp., Armonk, NY, USA).
To compare discharge diagnoses from routine care and VACC-Tool case classification as
well as enterovirus PCR and the corresponding viral mNGS results among the 100 patients
under investigation, we used cross tabulations and determined positive and negative
percent agreement (PPA and NPA) and overall rates of agreement (ORA) as described
previously (Appendix A) [5]. We calculated Cohen’s kappa coefficients (k) to assess the
coincidence of concordant/discordant results, i.e., inter-rater reliability, following the Food
and Drug Administration guidelines and suggested terminologies for the reporting of
results from studies evaluating diagnostic tests [5,27,28].

3. Results

Overall, 444 patients entered the digital surveillance and quality improvement pro-
gram and had stool samples available for virological analysis; 100 of whom met standard-
ized case criteria for encephalitis and /or ADEM according to VACC-Tool case classification
at the bedside (mean age: 11 years, range: 0.15-17.85; 49% male; see Table 1 for detailed
patient characteristics). Figure 1 illustrates the precision screening process and classifica-
tion results.

Table 1. Patient characteristics.

Patients Selected ” Cases Meeting Both
Total (n = 444) for Metagenomic Encephalltls Cases ADEIYI Encephalitis ang ADEM
Testing (1 = 100) (1 =29) Cases (n = 47) Case Criteria (n = 24)
Mean age in
years (range) 7 (0-18) 11 (0.1-17.8) 9(0.7-17.3) 11 (0.1-17.8) 11 (0.9-17.3)
0-28 days 11 (2%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
28-365 days 91 (20%) 4 (4%) 1 (3%) 2 (4%) 1 (4%)
1-2 years 51 (11%) 6 (6%) 5 (17%) 0 (0%) 1 (4%)
3-5 years 70 (16%) 10 (10%) 5 (17%) 3 (6%) 2 (8%)
6-18 years 221 (50%) 80 (80%) 18 (62%) 42 (89%) 20 (83%)
Gender
Male 247 (56%) 49 (49%) 11 (38%) 24 (51%) 14 (58%)
Female 197 (44%) 51 (51%) 18 (62%) 23 (49%) 10 (42%)

3.1. Comparison of Encephalitis/ADEM VACC-Tool Case Classification and Discharge Diagnoses

Among the 100 patients who fulfilled encephalitis and /or ADEM case criteria, VACC-
Tool case classification yielded 29 encephalitis cases, 47 ADEM cases, and 24 ‘overlap’ cases
fulfilling both encephalitis and ADEM case criteria as per case definition [4]. In routine



Microbiol. Res. 2024, 15

905

care discharge letters of the same patients, four cases were labeled as ‘encephalitis” and
there was no case of ADEM. That is, 96 of 100 patients were misdiagnosed in routine
care. Accordingly, all measures of agreement between VACC-Tool case classification and
discharge diagnoses were low (Table 2). Kappa scores <0.1 reflected low reliability of
agreements [28].

Table 2. Comparison of automated case classification according to the VACC-Tool and routine care
discharge diagnoses based on overall rates of agreement (ORA), positive percent agreement (PPA),
negative percent agreement (NPA), and kappa scores (k) (n = 100). For this comparison, we added
the number of ‘overlap’ cases (n = 24) to the number of cases that were exclusively classified as
encephalitis (n = 29) or ADEM (n = 47), respectively.

VACC-Tool VACC-Tool VACC-Tool
Positive/ Positive/Routine VACC-Tool Negative/Routine
. . Negative/Routine 8 . ORA PPA NPA K
Routine Care Care Negative - Care Negative
oes Care Positive (n)
Positive (1) (n) (n)
Encephalitis (n = 53) 3 50 1 46 49% 75% 48% 0.03 *
ADEM (n=71) 0 71 0 29 29% - 29% 0*
* kappa scores 0-0.2 reflect slight reliability of agreement.
The most common syndromic misdiagnosis in routine care was ‘meningitis’ (n = 13/100),
which was not supported with consensus case criteria implemented in the VACC-Tool [5,15].
Of the 100 patients with confirmed encephalitis and/or ADEM, 13 held a virus-related
diagnosis in their routine care discharge letter (Figure 2). Of those, eight were ‘herpesvirus
infection of the CNS’ (four labeled as ‘encephalitis” and four labeled as ‘zoster (oticus)’), five
of whom tested positive via PCR from cerebrospinal fluid (CSF), two via antibody testing
from CSF, and one via serology. Another five were ‘enterovirus infection’ (four labeled
as ‘meningitis” and one labeled as “unspecific enterovirus infection’), two of whom tested
positive via PCR from CSEF, one via PCR from saliva, one via PCR from serum, and one
based on clinical suspicion only.
Other
Herpesvirus  infectious*/ non-
n=2 specified
n=6
) Nor}— Enterovirus
infectious n=1
n=16 /
Non-
infectious Herpesvirus
Other n=37 n=5
infectious*/ non-
specified
n=5-~ \
Other
A Non- infectious*/ non-
Enterovirus infectious specified
n=4 n=19 n=4
Herpesvirus
n=1

Figure 2. Routine care infectious disease diagnoses among patients with confirmed encephalitis
(ENC) and/or ADEM according to VACC-Tool automated case classification in real-time (n = 100).
* including “other spirochetal infection”, i.e., International Statistical Classification of Diseases and
Related Health Problems 10th Revision (ICD-10) code A69.x and “other infectious diseases”, i.e.,
ICD-10 code B99.

Another six cases were ‘other/unspecified (viral) infection” and nine more cases ‘borre-
lia infection’. The remainder (72%) did not receive any virus/infectious disease diagnosis.
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3.2. Viral mNGS Results

Viral mNGS yielded 16 positive pools, with a total of 10 distinct viruses: adenovirus
C, betapapillomavirus, bocavirus-1, coronavirus-NL63, enterovirus B, picobirnavirus, respi-
ratory syncytial virus, rotavirus A, saffold virus, and sapovirus.

Most frequently, reads were detected from picobirnaviruses (11/16 positive pools),
followed by enterovirus (3/16 positive pools), and respiratory syncytial virus (2/16 positive
pools). All other viruses were detected in only one pool, respectively.

Pathogen-specific read counts were highest for bocavirus (3086 of 4,764,228 reads in
the respective sample; ~0.06% reads), followed by sapovirus (1005 of 5,139,726 reads in the
respective sample; ~0.02% reads), enterovirus (1858 of 14,161,484 reads in the respective
sample; ~0.01% reads), respiratory syncytial virus (800 of 7,142,404 reads in the respective
sample; ~0.01% reads), and adenovirus (625 of 4,848,500 reads in the respective sample;
~0.01% reads). The remainder yielded <0.003% reads of the respective sample.

3.2.1. Confirmatory PCR Testing of mNGS Hits

Confirmatory identification of individual cases via post hoc PCR testing was possible
for sapovirus (=0.02% reads, see above), rotavirus (7 of 7,068,164 reads in the respective
sample; ~0.0001% reads), adenovirus (=0.01% reads, see above), and saffold virus (130
reads of 4,764,228 reads in the respective sample; ~0.0027% reads). Detection of bocavirus
reads (=0.06% reads, see above) via viral mNGS could not be confirmed with PCR.

3.2.2. Systematic PCR Testing for Enteroviruses and Parechovirus as Compared to mNGS

As per protocol of the overall digital surveillance and quality improvement program,
PCR testing for enteroviruses was not only performed in cases where mNGS had yielded a
positive result, but systematically in all (the same) stool samples. In the nested study cohort,
enterovirus PCR yielded a total of 9/100 individual positive results, while 3/20 pools tested
positive for enterovirus B via mNGS. In these three pools, one sample tested positive for
echoviruses 9 (1858 of 14,161,484 reads in the respective sample; ~0.01% reads), 21 (92 of
4,300,010 reads in the respective sample; ~0.002% reads), and 30 (42 of 4,519,164 reads
in the respective sample; ~0.0009% reads), respectively. Consequently, mNGS missed six
individual enterovirus results, which were detected with specific PCR. Overall agreement
between enterovirus PCR and enterovirus hits with mNGS was 94%, with a kappa score of
0.5 reflecting moderate reliability of agreement (Table 3) [28].

Table 3. Comparison of enterovirus PCR test results with mNGS findings based on overall rates of
agreement (ORA), positive percent agreement (PPA), negative percent agreement (NPA), and kappa
scores (k) (n = 100).

PCR PCR PCR PCl.{
Positive/ Positive/ Negative/ Negative/
mNGS 8 mNGS ORA PPA NPA K
mNGS Negative mNGS Negative
Positive (n) & Positive (1) &
(n) (n)
E“Eflrf"gl)ms 3 6 0 91 94% 100% 94% 0.5 **

** kappa scores 0.41-0.6 reflect moderate reliability of agreement.

As per protocol of the overall digital surveillance and quality improvement program,
PCR testing for parechovirus A was systematically performed as well. Via PCR, one sample
tested positive for parechovirus A [14], but parechovirus A reads were not detected with
mNGS.

3.3. Increased Diagnostic Yield through VACC-Tool Case Classification, mNGS, and PCR Testing

The combined use of automated case classification based on consensus case criteria
applied at the bedside with mNGS and PCR testing provided standardized encephalitis and
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No virus detected v
Picobirnavirus

Enterovirus
Respiratory syncytial virus
Adenovirus
Sapovirus

Saffold virus
Betapapillomavirus
Coronavirus
Rotavirus
Parechovirus
Bocavirus
Herpesvirus

ADEM diagnoses and increased diagnostic yield. Cautiously assuming that a “positive pool’
of five samples corresponded to a single positive individual sample, we increased virus-
specific diagnostic yield within the nested study by 8-77% compared to 13 virus-specific
diagnoses from routine care in the same patients (Figure 2): mNGS alone yielded 23 hits
(increase by 77%); 14 of which were confirmed or ruled-out with PCR testing (increase by
8%). Figure 3 provides an overview of increased virus-specific diagnostic yield through
mNGS and PCR testing compared to routine care.
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Figure 3. Funnel chart of absolute numbers/percentage of virus detection results from (A) routine
care discharge diagnoses, (B) combined mNGS and PCR, and (C) mNGS only among the same
encephalitis/ ADEM patients (1 = 100). Note that for (B), PCR testing for picobirnavirus, respiratory
syncytial virus, betapapillomavirus, and coronavirus could not be performed and, thus, case numbers
were cautiously set to 0 for those viruses.

While herpesvirus detection from routine care (1 = 8) could not be reproduced from
stool samples in our nested study, we increased the diagnostic yield for enteroviruses
by 80%: a total of five enterovirus infections were detected in routine care, only one of
which could be reproduced via both mNGS and PCR (echovirus 30); but another eight stool
samples tested positive for enteroviruses in our nested study.

3.4. Clinical Vignettes of Significant Cases

The linkage of VACC-Tool automated case classification in real-time with mNGS
and PCR testing led to the identification of at least four significant and PCR-confirmed
associations between encephalitis or ADEM and a virus that were missed in routine care.

3.4.1. Adenovirus in a 13-Year-Old with ADEM

A 13-year-old male presented with headache, vomiting, anosmia, decreased peripheral
sensitivity and paresthesia, and transient sudden loss of consciousness witnessed by his
parents. A somatosensory evoked-potential test showed focal interruption of the median
nerve. Blood testing revealed moderate leukocytosis. The patient fully recovered without
specific treatment and was discharged after four days.

ADEM case criteria, including focal neurological deficits, were met as confirmed with
the VACC-Tool. The stool sample collected on hospital day 1 tested positive for adenovirus
C2 [22] via viral mNGS and confirmatory PCR.

3.4.2. Rotavirus in a 2-Year-Old with ADEM

A 2-year-old female presented with an afebrile convulsive seizure and ataxia. No
gastroenteritis or other symptoms were present. On hospital day 7, a maximum body
temperature of 38.8 °C was measured. CSF analysis showed elevated total protein levels
and normal white blood cell counts. In routine care, microbiology testing was all negative.
The patient fully recovered without specific treatment and was discharged after nine days.

ADEM case criteria, including cerebellar dysfunction, were met and confirmed using
the VACC-Tool. The stool sample tested positive for rotavirus A via viral mNGS as
confirmed with real-time RT-PCR (crossing point value: 13.24).
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3.4.3. Saffold Virus in a 4-Year-Old with ADEM

A 4-year-old male presented with acute afebrile seizures, behavioral changes, fatigue,
motor weakness of the limbs, and bladder dysfunction in addition to mild respiratory
symptoms and conjunctivitis. In routine care, human rhinovirus (crossing point value: 30)
was detected in a nasopharyngeal sample with PCR. CSF analysis was normal, except for
cytoalbuminologic dissociation. The patient fully recovered without specific treatment and
was discharged after 9 days.

ADEM case criteria, including focal neurological deficits, were met and confirmed
with the VACC-Tool. The stool sample collected on hospital day 2 tested positive for saffold
virus via viral mNGS as confirmed with nested RT-PCR.

3.4.4. Sapovirus in a 2-Year-Old with Encephalitis

A 2-year-old female was hospitalized with fever, cough, a decreased level of con-
sciousness, acute personality changes, phonophobia, and bilateral motor weakness of the
limbs. Broad-spectrum antibiotics, oseltamivir, and intravenous immunoglobulins were
administered upon admission.

Blood analysis showed elevated C-reactive protein and interleukin-6 levels and respi-
ratory acidosis. CSF analysis was normal except for elevated glucose and protein levels, i.e.,
cytoalbuminologic dissociation. Routine care bacterial testing from CSF and blood were all
negative. Routine care viral multiplex PCR testing from respiratory secretions was positive
for RSV, enterovirus, rhinovirus, and Epstein-Barr virus on day 2. A stool sample obtained
on day 19 tested positive for rotavirus via PCR in routine care. Cranial magnet resonance
imaging revealed parenchymal signal enhancement.

The patient fully recovered and was discharged after 26 days.

Encephalitis case criteria were met, as confirmed with the VACC-Tool. The stool sam-
ple obtained within the quality improvement program on hospital day 2 tested positive for
sapovirus via viral mNGS as confirmed with real-time RT-PCR (crossing point value: 23.5).

4. Discussion

With the present study, we introduced a nested precision medicine approach com-
bining automated case classification for encephalitis and ADEM in real-time using mobile
health technology with viral mNGS and PCR testing to diminish bias in the clinical and
laboratory context. This study provided insight into three years of standardized digital
infectious disease surveillance with an established total number of comparable cases.

Clinical diagnostic challenges of complex infectious/inflammatory CNS disease en-
tities such as encephalitis and ADEM arise from varying patient signs and symptoms in
addition to intrinsic inter-rater variability and observer bias. The use of standardized case
criteria at the point of care enables harmonization of diagnoses [4]. And if case criteria are
taken immediately while the patient is assessed, including digital time stamps and audit
trails, all pertinent information is obtained with minimal bias, thereby avoiding missing
data and post hoc assumptions [5-7]. In our study, we used mobile health technology at
the patient’s bedside to implement a precision screening and automated case classification
workflow resulting in immediate and unbiased, reproducible encephalitis and /or ADEM
diagnosis in a total of 100 comparable cases.

Following the precision screening and diagnosis steps based on consensus case criteria
incorporated into the VACC-Tool [5], we investigated whether subsequent, sequence-
independent mNGS might help in closing the ‘diagnostic gap’ in children with encephalitis
and/or ADEM, with a particular focus on viruses as their most common cause [3,4,10].

In line with previous studies, few encephalitis and ADEM cases in our study (13%)
held a specific infectious diagnosis in routine care. Review of the patients’ medical records
revealed inconsistent proceedings in the diagnostic work-up, including one diagnosis of
‘enterovirus infection” based on clinical suspicion only. This exemplified the potential
pitfalls of retrospective chart review of ICD codes and discharge summaries for scientific or
surveillance purposes.
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Oftentimes, the brevity of clinician’s interactions with patients and repeated (often
conflicting) assessments due to shift work and high staff turnover add to the confusion.
Last but not least, there are financial constraints that limit the options of diagnostics in
routine care.

If the diagnostic work-up is left to the treating physician, it is usually confined to
bacterial cultures and certain viruses, e.g., herpes or enteroviruses. Syndromic multiplex
panels may help to test for a limited range of an additional, known 10-20 pathogens [12];
mNGS on the other hand, is an unbiased detection method which can be leveraged in “hard-
to-diagnose cases” or outbreak scenarios [29]. In our study, mNGS identified 10 different
additional viruses; 6 of which were tested orthogonally with PCR, yielding positive results
for 5 viruses. That is, mNGS and “add-on” pathogen-specific PCR combined increased the
number of viruses detected in our patient cohort.

While mNGS may help to raise hypotheses, it is not yet able to state a definite diagnosis
or causality. In contrast to PCR, mNGS laboratory protocols are not yet standardized, and
accuracy may vary. Our study underlines that complementary PCR testing can help to
ascertain or fail to confirm an mNGS signal retroactively. In our study, complementary
PCR did not confirm a bocavirus signal, but mNGS also failed to detect enterovirus and
parechovirus signals that were detected with PCR. Evidently, the level of accuracy of
mNGS may be improved in the future, as it depends on methods used to enrich viruses,
to generate DNA libraries, and the depth of sequencing [9,29]. Also, massively parallel or
multiplexed sequencing to reduce costs may lead to index-switching in pooled libraries
and artifact results, requiring method-specific solutions at the (pre-)analytical level and/or
in data curation [21,30-32]. Applying these considerations to our specific mNGS results,
the false-positive bocavirus signal could have resulted from a barcode index-switch (e.g.,
carryover of nucleic acids from runs to runs) or contamination during library construction,
for example. Vice versa, overly restrictive parameters in the data curation could cause
false-negative mNGS results.

Viral mNGS and confirmatory PCR testing in our cohort identified rare or novel
potential links between pathogens to specific clinical entities ascertained using the VACC-
Tool: three cases of ADEM could thus be linked to (a) saffold virus, (b) rotavirus, and
(c) adenovirus detection [22] and one case of encephalitis was linked to sapovirus detection.
All of these viral pathogens are frequently detected in patients with gastrointestinal disease,
mainly presenting with acute diarrhea [33-35]. Diarrhea, however, was an exclusion
criterion in our prospective digital surveillance and quality improvement program [13],
meaning that the 100 clinical cases assessed in this study presented with confirmed CNS
signs and symptoms in the confirmed absence of gastroenteritis. As the findings in this study
show, textbook knowledge of how specific viruses are “presumed to present clinically”
may need to be updated based on scientific evidence, if confirmatory studies point in the
same direction.

Saffold virus [36,37], rotavirus [37,38], and adenoviruses [39,40] have previously been
presumed to be associated with CNS disease in children and adults. Our study is the first
of its kind to confirm this link using standardized case criteria.

To our knowledge, sapovirus detection has not yet been associated with neurological
disease [41]. Establishing a causal relationship between encephalitis and sapovirus detec-
tion was not possible in our case due to detection of four other viruses (entero-, rhino-,
respiratory syncytial, and rotavirus) in a respiratory/saliva sample obtained in routine
care. More systematic clinical and laboratory research is needed to prove/disprove any
such associations.

The timing of sample collection and the selection of the specimen type play a decisive
role for the plausibility of causal relationships. Enteric viruses, such as adenoviruses,
enteroviruses, rotavirus, or sapovirus, are known to be shed in feces or saliva for weeks or
months after initial infection [42,43]. This circumstance may help to identify pathogens re-
sponsible for post-infectious syndromes such as ADEM or post-infectious encephalitis, but
it also increases the likelihood of simultaneous detection of multiple viruses. In our study,
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we used stool samples as a non-invasive screening tool and to provide an extended diagnos-

tic window beyond the time of early viral clearance from the CSF compartment [9,14,39].

While many CNS pathogens can be readily detected in stool samples, for some viruses

such as herpesviruses or West Nile virus, detection from stool samples is unlikely in hu-

mans [44,45]; this is confirmed in our study where positive herpesvirus detection in the

CSF could not be reproduced in stool samples from the same patients. Similarly, of two

enterovirus detections in the CSF in routine care, only one was also positive (via both,

mNGS and PCR) in the stool. Therefore, more research with comparative studies of mNGS
and PCR from different body compartments including blood, urine, saliva, or CSF are

warranted [46].

Limitations to our study included the pooling of samples for mNGS, which was more
cost-effective but likely impaired accuracy of viral mNGS. Also, future use of mNGS to
‘close the diagnostic gap’ in cases of encephalitis and ADEM will need to include parasites,
bacteria, and fungi. In our study, the number of patients with unusual viral identifications
such as adeno-, saffold-, sapo-, or rotavirus was low. Therefore, we did not perform
statistical analysis of these cases. Further studies are needed to assess the true clinical
significance of the detection of specific pathogens.

Another limitation of the hospital-based surveillance was the lack of a control group,
e.g., involving healthy individuals to further investigate whether mNGS signals may
constitute a bystander effect. Unfortunately, confirmatory PCR testing of picobirnavirus,
respiratory syncytial virus, betapapillomavirus, and coronavirus could not be performed
for a lack of sample material /for logistical reasons. Especially for picobirnaviruses, which
were detected in the majority of mNGS pools in our study, the role as bystander versus
pathogen remains unclear, warranting further research [47].

Future studies may also incorporate additional infectious/inflammatory CNS dis-
ease entities providing reliable and reproducible case classification. The VACC-Tool
(in its 2.0 beta-version) allows for automated case classification of 14 different infec-
tious/inflammatory CNS diseases, including facial nerve palsy, progressive multifocal
leukoencephalopathy, or Guillain-Barré syndrome in full compliance with data standards
across sites and data privacy [7]. Not only does the VACC-Tool help to ascertain diagnoses
swiftly and with minimal bias, but it also has the potential to flag clinically suspicious cases,
prompting further diagnostic work-up [5].

Key messages:

s We combined real-time automated case classification for encephalitis and acute dis-
seminated encephalomyelitis (ADEM) with viral metagenomic next-generation se-
quencing and confirmatory polymerase chain reaction;

= Weidentified potential links between encephalitis and the detection of sapovirus, and
between ADEM and saffold virus, rotavirus, and adenovirus;

»  The use of digital tools at the patient’s bedside and advanced molecular detection
techniques helps to diminish bias and enhance diagnostic yield, including for rare,
unusual, or novel pathogens.

5. Conclusions

We conclude that the combined use of the VACC-Tool for standardized digital case
classification in real-time with viral mNGS and PCR testing helps to diminish bias and
enhance diagnostic yield in pediatric encephalitis and ADEM.

In the long term, we expect that innovative mobile health technology and advanced
laboratory methods will improve infectious disease surveillance and management by
providing complementary, insightful data sets.

Application of viral mNGS remains under investigation and validation but could be
particularly useful for unusual and novel pathogens.
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Appendix A

Table A1. Calculation of positive and negative percent agreement (PPA and NPA) and overall rates
of agreement (ORA).

Discharge Diagnosis Positive/ Discharge Diagnosis Negative/

mNGS Positive mNGS Negative A
PPA: 100 x %=

VACC-Tool positive/

(A+C)

. D
PCR positive A B NPA: 100 x (B+D)

VACC-Tool negative/

A (A+D)
c ORA: 100 x A+ B1C4D)
PCR negative
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