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ABSTRACT Next-generation sequencing (NGS) workflows applied to bronchoalveolar la-
vage (BAL) fluid specimens could enhance the detection of respiratory pathogens, although
optimal approaches are not defined. This study evaluated the performance of the
Respiratory Pathogen ID/AMR (RPIP) kit (Illumina, Inc.) with automated Explify bioinformatic
analysis (IDbyDNA, Inc.), a targeted NGS workflow enriching specific pathogen sequences
and antimicrobial resistance (AMR) markers, and a complementary untargeted metage-
nomic workflow with in-house bioinformatic analysis. Compared to a composite clinical
standard consisting of provider-ordered microbiology testing, chart review, and orthogonal
testing, both workflows demonstrated similar performances. The overall agreement for the
RPIP targeted workflow was 65.6% (95% confidence interval, 59.2 to 71.5%), with a positive
percent agreement (PPA) of 45.9% (36.8 to 55.2%) and a negative percent agreement
(NPA) of 85.7% (78.1 to 91.5%). The overall accuracy for the metagenomic workflow was
67.1% (60.9 to 72.9%), with a PPA of 56.6% (47.3 to 65.5%) and an NPA of 77.2% (68.9 to
84.1%). The approaches revealed pathogens undetected by provider-ordered testing
(Ureaplasma parvum, Tropheryma whipplei, severe acute respiratory syndrome coronavirus 2
[SARS-CoV-2], rhinovirus, and cytomegalovirus [CMV]), although not all pathogens detected
by provider-ordered testing were identified by the NGS workflows. The RPIP targeted work-
flow required more time and reagents for library preparation but streamlined bioinformatic
analysis, whereas the metagenomic assay was less demanding technically but required
complex bioinformatic analysis. The results from both workflows were interpreted utilizing
standardized criteria, which is necessary to avoid reporting nonpathogenic organisms. The
RPIP targeted workflow identified AMR markers associated with phenotypic resistance in
some bacteria but incorrectly identified blaOXA genes in Pseudomonas aeruginosa as being
associated with carbapenem resistance. These workflows could serve as adjunctive testing
with, but not as a replacement for, standard microbiology techniques.

KEYWORDS diagnostics, lower respiratory tract infection, next-generation sequencing

Microbiological methods for bronchoalveolar lavage (BAL) fluid specimens are
comprehensive, spanning disciplines of bacteriology, mycobacteriology, virology,

mycology, and parasitology (1). However, these methods require extensive resources
and may not identify fastidious pathogens, rare and atypical pathogens, or pathogens
that are no longer viable due to antimicrobial therapy. Assays utilizing next-generation
sequencing (NGS) technology have the potential to improve diagnostic testing by
broadening detection, shortening the time to detection for certain microorganisms,
and allowing the detection of unsuspected or treated pathogens (2–4). The utilization
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of NGS assays could directly impact patient care outcomes, including appropriate anti-
biotic use and a shortened duration of mechanical ventilation (5, 6). NGS approaches
hold the possibility of consolidating some or all diagnostic approaches for pathogen
identification and characterization into a single assay (2).

NGS workflows utilize simultaneous and parallel techniques to amplify and sequence
large amounts of genetic material, with potential pathogens being identified via result
comparison to databases by bioinformatic analysis (7). Metagenomic NGS (mNGS) work-
flows sequence as much DNA and/or RNA as possible in a sample, whereas targeted NGS
(tNGS) workflows enrich specific genetic targets for sequencing. Metagenomic NGS has
the advantage of potentially sequencing any genetic material present, increasing the abil-
ity to detect unforeseen pathogens, whereas targeted NGS has the advantage of enrich-
ing genetic targets for specific pathogens or pathogen groups as well as other genes of
interest. This potentially increases the analytical sensitivity but could miss untargeted
sequences. It is currently unknown if such trade-offs markedly impact the results gener-
ated by differing NGS workflows.

The Respiratory Pathogen ID/AMR enrichment (RPIP) kit (Illumina, Inc., San Diego,
CA) is a targeted NGS assay developed to enrich the detection of pathogen and antimi-
crobial resistance (AMR) sequences from respiratory specimens. Following nucleic acid
extraction and initial processing, RPIP reagents are designed to target specific bacterial,
mycobacterial, viral, and fungal sequences, as well as select associated AMR sequences,
using biotinylated capture probes. Sequences captured by probes are enriched
through additional processing steps in an attempt to increase detection. Sequencing
data generated in this process are analyzed using the IDbyDNA (Salt Lake City, UT)
Explify bioinformatic pipeline, which is tailored to the targeted sequences and can
detect nontargeted sequences as well.

The use of NGS technologies for pathogen identification is a burgeoning field, and opti-
mal approaches are areas of active investigation. To date, no studies have directly evaluated
the performances of metagenomic and targeted NGS approaches for infectious disease
diagnostics. Accordingly, we sought to determine the performance characteristics of the
RPIP targeted assay and a complementary metagenomic assay (utilizing a shotgun sequenc-
ing approach and in-house bioinformatic analysis) by comparing both workflows to a com-
posite clinical standard consisting of provider-ordered microbiology testing, chart review,
and orthogonal testing.

MATERIALS ANDMETHODS
Standard-of-care microbiology testing and sample enrollment. BAL fluid specimens were en-

rolled from the Johns Hopkins Hospital (JHH) microbiology laboratory after provider-ordered testing
was complete. Various testing methods were applied as part of provider-ordered testing, including
Gram stain and quantitative aerobic bacterial culture (quantification range of 100 to .10,000 CFU/mL),
Legionella culture, fungal stain and culture, Pneumocystis direct fluorescent-antibody stain or PCR (based
on availability at the time of testing) (8), galactomannan antigen testing, mycobacterial stain and cul-
ture, Mycobacterium tuberculosis PCR (Xpert MTB/RIF; Cepheid, Sunnyvale, CA), respiratory virus multi-
plex PCR (Respiratory Pathogen panel; GenMark Diagnostics, Inc., Carlsbad, CA), cytomegalovirus (CMV)
PCR (Quest Diagnostics, Chantilly, VA), and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) PCR (RealStar; Altona Diagnostics, Hamburg, Germany). Testing was applied per ordering providers,
and not all testing was performed on each specimen. Residual samples were required to meet minimal
volume requirements for enrollment. Samples were not selected based on clinical syndrome or intention
for testing. Enrolled samples were stored at 4°C until frozen at 280°C. Samples were collected from
December 2019 through January 2021 from hospitals within the Johns Hopkins network served by the
Johns Hopkins Hospital microbiology laboratory.

Clinical data collection. Demographic and clinical patient data were collected through bulk query
from the Johns Hopkins Hospital electronic medical record system. The Charlson comorbidity index was
calculated based on ICD-10 codes without age adjustment (9). Results were confirmed by manually
auditing 15% of records. Microbiology results from provider-ordered standard-of-care testing were man-
ually extracted from the laboratory information system (LIS) for all samples.

Sample preparation for validation studies. BAL fluid specimens negative by standard-of-care testing
were selected for spike-in studies to establish the analytical sensitivity (limit of detection [LoD]) and precision
of the targeted and metagenomic approaches. Specimens were spiked at concentrations 1 (1:10) dilution
above, at, and 1 dilution below preliminary limits of detection as determined by pilot studies (data not
shown). Samples containing pooled Streptococcus pneumoniae (ATCC 49619), Haemophilus influenzae (ATCC
10211), and Mycobacterium fortuitum (ATCC 6841) were spiked at 1 � 105 CFU/mL, 1 � 104 CFU/mL, and
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1 � 103 CFU/mL. Samples containing pooled fungi were spiked at 1 � 106 CFU/mL, 1 � 105 CFU/mL, and
1 � 104 CFU/mL with Aspergillus fumigatus (clinical isolate) and Pneumocystis carinii (nuclei per milliliter)
(ATCC PRA-159) as well as at 1 � 105 CFU/mL, 1 � 104 CFU/mL, and 1 � 103 CFU/mL with Cryptococcus neo-
formans (CBS 8710; Westerdijk Fungal Biodiversity Institute). Samples containing pooled viruses were spiked
at 1 � 106 copies/mL, 1 � 105 copies/mL, and 1 � 104 copies/mL with influenza A and B viruses (clinical iso-
lates) and at 1 � 105 copies/mL, 1 � 104 copies/mL, and 1 � 103 copies/mL with adenovirus C (ATCC VR-
1516). Dilution concentrations were confirmed by plate counts for bacteria, mycobacteria, and yeasts. Spore
counts determined by utilizing a hemocytometer were used to confirm the dilutions of A. fumigatus.
Adenovirus and P. carinii concentrations established by the manufacturer were utilized. The concentration of
influenza B virus was determined by droplet digital PCR. NGS testing was performed in triplicate for each
pool at each dilution.

Sample processing. An overview of the methods is provided in Fig. 1. BAL fluid specimens were
divided into aliquots that underwent bead beating (400mL) and aliquots that did not (200mL), as in a previ-
ous study, we found that bead beating increased the yield of reads for certain organism groups (e.g., Gram-
positive bacteria and fungi) but detrimentally affected the recovery of others (e.g., nonenveloped viruses
and Gram-negative organisms) (10). Samples too viscous to aliquot were diluted 1:1 with sterile saline. The
200-mL aliquots were spiked with an RNA internal control (bacteriophage MS2; Microbiologics, St. Cloud,
MN) to a final concentration of 2.5 � 105 PFU/mL prior to nucleic acid extraction. The 400-mL aliquots were
spiked with a DNA internal control (bacteriophage T7; Microbiologics, St. Cloud, MN) to a final concentration
of 1.0 � 106 PFU/mL and underwent bead beating (lysing matrix D beads and FastPrep24 5G; MP
Biomedicals, Santa Ana, CA) for 30 s. Samples rested at room temperature for approximately 20 min before
200mL was removed for nucleic acid extraction.

Nucleic acid extraction. Automated extraction was separately performed for both aliquots of each
sample (i.e., the aliquot that underwent bead beating and the aliquot that did not). Extraction was per-
formed using the MagMAX pathogen RNA/DNA kit (Applied Biosystems, Waltham, MA) on the
KingFisher Duo Prime system (Thermo Fisher Scientific, Waltham, MA) using the manufacturer-supplied

FIG 1 Overview of methods for performance studies. Time estimates included in brackets are based
on runs containing 24 samples and reported by those performing the assay steps for this study. Each
specimen underwent extraction with or without bead beating prior to the combination of eluates.
Eluates from each specimen were processed with the metagenomic and RPIP targeted workflows.
Data from each workflow were evaluated using the same conditional reporting guidelines and
compared to composite clinical standard results obtained for the specimen. Identical processing and
NGS workflows were utilized to establish analytical sensitivity using spiked samples, with comparisons
being made to the organism pools rather than a composite clinical standard.
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high-volume program. This extraction method was optimized by the Johns Hopkins Hospital microbiol-
ogy laboratory (10). Eluates were stored at220°C until library preparation.

Library preparation and enrichment. For each sample, eluates were thawed, and those that under-
went bead beating were combined in equal volumes with those that had not. Nucleic acids were quanti-
fied using a Qubit 3.0 fluorometer with double-stranded DNA (dsDNA) and RNA high-sensitivity (HS)
reagents. cDNA synthesis and library preparation were performed with the Respiratory Pathogen ID/AMR
Enrichment (RPIP) kit according to the Illumina RNA prep with enrichment (L) tagmentation protocol. An
aliquot was saved after the postindexing cleanup step as the product for metagenomic sequencing, with
the remaining taken through library enrichment with RPIP reagents to generate the product for targeted
sequencing. Target enrichment was performed by incubating RPIP probes with samples for approximately
12 h. The probe and bound products were captured, removed, and eluted and underwent a 14-cycle PCR
for additional amplification. The final product for the targeted sequence was size selected using AMPure
XP beads and eluted in Illumina resuspension (RSB) buffer.

Sequencing. Products for metagenomic and targeted sequencing were quantified with a Qubit 3.0
instrument using dsDNA HS reagents. DNA fragment analysis was performed using the TapeStation
4200 system (Agilent Technologies, Santa Clara, CA) with a 5000 HS kit. Sequencing was performed on
Illumina HiSeq2500 and NextSeq1000 instruments by the Johns Hopkins Hospital microbiology labora-
tory and using a NovaSeq or NextSeq2000 instrument by Illumina (University of Maryland BioPark,
Baltimore, MD). Sequencing was performed with 200-bp paired-end read sequencing (2 � 100) to goal
depths of 3 million reads for the targeted workflow and 10 million reads for the metagenomic workflow.

Bioinformatic analysis. Analysis of sequencing data generated by the targeted RPIP workflow was
accomplished using the automated Explify RPIP Data Analysis Solution (v1.0.1; IDbyDNA) accessed via
Illumina BaseSpace. All results included in the Explify reports were taken forward for result interpreta-
tion. Analysis of sequencing data generated by the metagenomic workflow was performed in the Johns
Hopkins Hospital microbiology laboratory with Kraken (11), using an in-house clinically validated data-
base (2020v2). The highest 100 raw reads were evaluated for each sample. Raw read counts for viruses
of $1 were taken forward for result interpretation. For bacteria, mycobacteria, and fungi, raw read
counts for individual organisms were normalized per 1 million total sample reads to produce the reads
per million (RPM) metric. Normalized RPM counts for each detected organism were compared to those
of the corresponding organism in the negative extraction control (NEC) for each extraction run, and only
sample read counts $10 times the values of the NEC were taken forward for result interpretation. Both
bioinformatic approaches returned species-level identification for further analysis.

Result interpretation using conditional reporting criteria. All organism identifications made by
Explify quantification results or RPM counts passing the above-mentioned criteria were interpreted
using conditional reporting criteria followed by the Johns Hopkins Hospital clinical microbiology labora-
tory for reporting culture-based results from BAL fluid (see Table S1 in the supplemental material). This
document was adapted to account for organisms identified by NGS workflows but not routinely
detected by standard aerobic culture, including anaerobic bacteria and resident microbiota members.

The potential pathogenicities of organisms identified by NGS workflows were interpreted on an or-
ganism-by-organism basis for each sample. If a bacterial organism with the highest Explify quantification
or RPM counts was deemed to be a member of the resident microbiota by conditional reporting criteria,
other bacteria with a lower Explify quantification or RPM counts were not recorded as pathogens unless
they met predefined reporting criteria. If it was deemed a pathogen, the process was repeated with the
bacteria having the next highest quantification or counts until the resident microbiota was documented.
All results generated by the metagenomic workflow were assessed by a panel of three board-certified
microbiologists (K. C. Carroll, P. J. Simner, and D. C. Gaston), and those not present in the conditional
reporting criteria were included or excluded based on consensus. Reads for parasites were removed
from the analysis given the low relative RPM counts and the consensus that these represented short
host sequences aligning to parasitic eukaryotes. Torque teno viruses and bacterial phages were also
excluded from the analysis. For a bacterial organism to be counted as a pathogen by the metagenomic
workflow, the normalized RPM counts were required to be $5 times above the counts for resident
microbiota, if it was not the only organism detected in a sample. All filamentous molds, mycobacteria,
and viruses were included without a comparison of quantification methods to resident microbiota.
Results of NGS testing were not released to providers.

Reporting criteria for Streptococcus species. In reports where multiple Streptococcus species were
identified, only the species with the highest normalized RPM count or Explify quantification that were
not deemed members of resident microbiota were included as potential pathogens. In cases where
Streptococcus pneumoniae was identified as the most abundant Streptococcus species but quantification
was below that for the resident microbiota, this was indicated as the presence of resident microbiota
including S. pneumoniae. S. pneumoniae was not identified as a pathogen for further analysis in these
instances.

Comparison to standard-of-care microbiology results and orthogonal testing. Results from NGS
workflows meeting all criteria for inclusion as a potential pathogen were compared to standard-of-care
microbiology results reported in the LIS. Comparisons were made separately for metagenomic and tar-
geted workflows; NGS workflows were not directly compared due to differences between the workflows.
Yeasts reported as members of the respiratory microbiota in culture were excluded from the analysis.
Filamentous molds documented on ,3 of 5 medium types or not deemed clinically significant by the
treating providers were also excluded from the analysis. Individual organisms identified by testing meth-
ods were considered single analytes for performance calculations. Analytes detected by an NGS method
but not tested for by standard-of-care microbiology were adjudicated by a composite clinical standard
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including the detection of the same organism from different samples or specimen types within 14 days
of the BAL fluid specimen collection date. When unable to confirm results by the composite clinical
standard, samples underwent orthogonal testing utilizing analyte-specific PCR. Orthogonal testing was
performed as follows: Ureaplasma parvum testing was performed by the University of Alabama at
Birmingham Diagnostic Mycoplasma Laboratory (Birmingham, AL); herpes simplex virus 1 (HSV-1), CMV,
Epstein-Barr virus (EBV), human herpesvirus 6 (HHV-6), and SARS-CoV-2 testing was performed by the
Johns Hopkins Hospital clinical microbiology laboratory; Tropheryma whipplei testing was performed by
ARUP Laboratories (University of Utah, Salt Lake City, UT); and HHV-7 testing was performed by Eurofins
Viracor (Lee’s Summit, MO).

Analytes detected by NGS workflows that were not present in provider-ordered testing, not adjudi-
cated by the composite clinical standard, and not confirmed by orthogonal testing were counted as
false positive (FP). Analytes detected by an NGS workflow and present in the composite clinical standard
were counted as true positive (TP) for that workflow. Analytes present in the composite clinical standard
but not detected by an NGS workflow were counted as false negative (FN) for that workflow. Analytes
with an absence of detected analytes in the composite standard and an NGS workflow were counted as
true negative (TN).

Statistics. Statistical comparisons were performed using the Pandas package of Python (version
3.8.5), the epiR package of R (version 4.1.2), and GraphPad Prism (version 9.2.0). Error calculations repre-
sent 95% confidence intervals or standard deviations, where indicated. Statistical significance was set at
an alpha value of ,0.05.

IRB and ethics. Sample collection, clinical data extraction, and storage of data containing protected
health information were performed in compliance with the Health Insurance Portability and Accountability
Act (HIPAA) and in accordance with the Johns Hopkins IRB-approved protocol 00264184.

RESULTS
Analytical sensitivity/limit-of-detection ranges, precision, and cross-reactivity.

Table 1 depicts the limit-of-detection (LoD) ranges for representative organism pools.
Pools were utilized as the LoD cannot be established for all organism analytes identi-
fied by NGS assays given the breadth of potentially detectable analytes (12). Overall,
the detection ranges for bacteria, fungi, and viruses were comparable between the
metagenomic and targeted NGS workflows. Within the respective LoD ranges for each
NGS workflow, the reproducibility of analyte detection was 100%. The metagenomic
workflow detected all analytes within the type-specific limits of detection but identi-
fied Pneumocystis carinii as P. jirovecii due to taxonomic similarity and the absence of
P. carinii in the Kraken database. The targeted workflow did not detect P. carinii at any
tested dilution because RPIP reagents do not target this organism, and it is not present
in the Explify database. Additionally, the targeted workflow reported Cryptococcus neo-
formans as Cryptococcus gattii.

Cross-reactivity was assessed through detection by the NGS workflows of additional
organisms not spiked into the samples. Detected organisms primarily represented mem-
bers of the resident microbiota. Notable exceptions include reports of M. tuberculosis by
both workflows in a single replicate spiked with M. fortuitum at the highest concentration

TABLE 1 Analytical sensitivity ranges and precisiona

Spiked organism

No. of detected samples/no. of replicates

Metagenomic NGS at dilution
(CFU or copies/mL) of:

RPIP targeted NGS at dilution
(CFU or copies/mL) of:

106 105 104 103 106 105 104 103

Mycobacterium fortuitum 3/3 3/3 3/3 3/3 3/3 2/3
Streptococcus pneumoniae 3/3 3/3 3/3 3/3 3/3 3/3
Haemophilus influenzae 3/3 3/3 3/3 3/3 3/3 2/3

Aspergillus fumigatus 3/3 3/3 3/3 3/3 3/3 0/3
Pneumocystis carinii 3/3 3/3 0/3 0/3 0/3 0/3
Cryptococcus neoformans 3/3 1/3 0/3 3/3 3/3 1/3

Adenovirus C 3/3 3/3 3/3 3/3 3/3 3/3
Influenza A virus 3/3 3/3 3/3 3/3 3/3 3/3
Influenza B virus 3/3 3/3 1/3 3/3 3/3 3/3
aValues in boldface type indicate the limit of detection (LoD) for the representative organisms; shaded values
indicate LoD ranges for each organism type.
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of 1� 105 CFU/mL, although read counts forM. fortuitumwere markedly higher than those
for M. tuberculosis in this replicate. The targeted workflow also reported Streptococcus mitis
in 3/3 replicates spiked with S. pneumoniae at 1 � 105 CFU/mL and in a single replicate
spiked with S. pneumoniae at 1 � 104 CFU/mL. The metagenomic workflow reported
Lichtheimia corymbifera in 2/3 samples spiked with the fungal pathogen pool at the highest
concentration range of 1 � 105 to 1 � 106 CFU/mL. Detection of these organisms did not
occur at lower dilutions. Results were not investigated by orthogonal testing.

Evaluation of clinical specimens. A total of 201 BAL fluid specimens from 177
patients underwent sequencing with the targeted and metagenomic workflows (Fig.
1). The demographics of patients providing BAL fluid specimens are included in Table
S2 in the supplemental material. Prior to applying conditional reporting criteria, the
metagenomic NGS workflow generated 2,995 hits (2,860 bacterial, 4 mycobacterial, 98
viral, 18 fungal, and 15 parasitic) from 173 specimens; 28 specimens were negative by
this workflow. The targeted NGS workflow identified 294 potential pathogens (247 bac-
terial, 1 mycobacterial, 43 viral, and 3 fungal) from 123 BAL fluid specimens; 78 speci-
mens were negative by this workflow. Ranges of the analytes detected per specimen
for each workflow are presented in Fig. 2.

Result interpretation. Utilizing conditional reporting criteria to interpret NGS results
allows comparison between provider-ordered standard-of-care testing and NGS workflows.
NGS results were evaluated by a panel of three microbiologists and interpreted using crite-
ria developed at the Johns Hopkins Hospital microbiology laboratory for BAL fluid cultures.
Analytes passing the thresholds for inclusion as potential pathogens but not deemed path-
ogenic were excluded (Table S3), as were analytes deemed members of the resident micro-
biota (Table S4). The most frequently identified component of the resident microbiota by
both workflows was Rothia mucilaginosa. Following R. mucilaginosa, the most frequently
identified microbiota members for the targeted NGS workflow included Streptococcus mitis,
Prevotella melaninogenica, Campylobacter concisus, and Veillonella parvula. The members of
the resident microbiota most frequently identified by the metagenomic workflow included
Schaalia odontolytica, Prevotella species (P. melaninogenica and P. jejuni), and Streptococcus
species (S. mitis and genus-level calls for streptococci). A single genus-level call with multi-
ple associated species was frequently encountered in data generated by the metagenomic
workflow, particularly with streptococci. This analysis cannot determine if individual species
were present or if the hits represented taxonomic “near-neighbor” effects and were accord-
ingly counted as resident microbiota members according to interpretation criteria.

Following this analysis, 97 potential pathogens (29 bacterial, 4 mycobacterial, 56 vi-
ral, and 8 fungal) from 69 samples remained from the metagenomic NGS workflow,

FIG 2 Relative distribution of analytes detected by NGS workflows. Sample counts per number of
analytes for the metagenomic NGS workflow are number of analytes (number of samples): 1 (33), 2
(25), 3 (16), 4 (32), 10 to 24 (34), 25 to 50 (13), and .50 (20); 98 analytes were detected in the
sample containing the highest number for this workflow. Sample counts per number of analytes for
the RPIP targeted NGS workflow are 1 (59), 2 (32), 3 (12), 4 to 9 (15), 10 (5), 25 to 50 (0), and .50 (0);
14 analytes were detected in the sample containing the highest number for this workflow.
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representing percent reductions of 96.8% for analytes and 60.1% for positive samples.
Application of the same criteria to the analysis of results generated by the RPIP tar-
geted NGS workflow revealed 73 potential pathogens (27 bacterial, 1 mycobacterial,
42 viral, and 3 fungal) from 55 samples, representing percent reductions of 75.2% for
analytes and 55.3% for positive samples.

Performance. Results that remained after the application of interpretive criteria
were compared to a composite clinical reference to determine performance character-
istics. Potential pathogens for which directed testing was not ordered were confirmed
by chart review or orthogonal testing and incorporated into standard-of-care results
for comparisons (Table 2). The overall accuracy of the RPIP targeted NGS workflow was
65.6% (95% confidence interval, 59.2 to 71.5%), with a positive percent agreement
(PPA) of 45.9% (36.8 to 55.2%) and a negative percent agreement (NPA) of 85.7% (78.1
to 91.5%). The overall accuracy of the metagenomic NGS workflow was 67.1% (60.9 to
72.9%), with a PPA of 56.6% (47.3 to 65.5%) and an NPA of 77.2% (68.9 to 84.1%). Table 3
shows performance characteristics per organism type, and data used to generate these
characteristics are provided in the supplemental material. The majority of bacterial false-
negative results were from samples with colony counts in standard aerobic cultures
below 1 � 104 CFU/mL (Fig. 3). Bacterial analytes counted as false negative but for which
reads were present at levels below those of the resident microbiota occurred in 2 of 24
analytes (8.3%) from the RPIP targeted workflow and 5 of 24 analytes (20.8%) from the
metagenomic workflow. These analytes remained false negative according to the cate-
gorization method of using a higher abundance of resident microbiota as an exclusion
criterion. The mean normalized read counts (mNGS workflow) and RPIP quantification
(targeted workflow) of true-positive bacterial results quantified at ,10,000 CFU/mL by
standard culture were significantly lower than those at$10,000 CFU/mL (Fig. 3). No true
positives for fungi were detected by either NGS workflow. Neither NGS workflow identi-
fied filamentous molds that were isolated in culture and deemed clinically significant
by the treating providers (including Aspergillus, Rhizopus, Fusarium, and Cladosporium
species), nor was a sample containing P. jirovecii identified by provider-ordered PCR
detected by either NGS assay.

Analytes were detected by NGS workflows that were not detected by provider-ordered
testing (Table 2). Notably, Ureaplasma parvum was detected by both NGS workflows from
one specimen and confirmed by orthogonal testing. Corynebacterium striatum and Entero-
coccus faecium were detected by both workflows from specimens that were negative by
routine aerobic culture of BAL fluid but positive by blood culture (C. striatum) or pleural
fluid culture (E. faecium). Tropheryma whipplei was detected by the RPIP targeted workflow
and confirmed by orthogonal testing. Additional analytes detected by NGS workflows
were primarily viruses (44 of 46 positive orthogonal tests). Additional analytes with poten-
tial pathogenicity that did not have testing ordered by providers included SARS-CoV-2,
CMV, and rhinovirus. All false-positive results for viruses were negative for the specific ana-
lyte by orthogonal testing. False-positive results for bacteria, mycobacteria, and fungi could
not be directly assessed by orthogonal testing but lacked evidence of presence by chart
review.

RPIP antimicrobial resistance markers. The targeted workflow using RPIP reagents
and Explify bioinformatic analysis enables the detection of bacterial genotypic AMR
markers associated with antimicrobial susceptibility testing (AST) results for certain agents.
AMR markers were detected in 136 of the 201 samples (67.7%) and associated with 16
potential pathogens in 15 samples. Of the 16 potential pathogens with associated AMR
markers, standard-of-care methods detected 13 for which phenotypic resistance could be
evaluated (Table 4). Full or partial agreement between the associated and tested resistance
was found in 7 of 13 (53.8%) potential pathogens, including vancomycin-resistant E. fae-
cium, methicillin-resistant Staphylococcus aureus, and M. tuberculosis with MICs for second-
line agents at or near the proposed critical concentrations. Partial agreement occurred
with one potential pathogen in which an extended-spectrum-beta-lactamase (ESBL)-pro-
ducing Escherichia coli isolate was associated with blaCTX-M and blaOXA, although the blaOXA
association was due to P. aeruginosa being present in the same sample. The E. coli isolate
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TABLE 2 Analytes detected by NGS workflows but not by provider-ordered testinga

Workflow, result, and organism type Analyte
No. of samples with
analyte detected

Metagenomic NGS workflow
True positive
Bacteria Corynebacterium striatumb 1

Enterococcus faeciumc 1
Ureaplasma parvum 1

Viruses CMV 5
EBV 16
HSV-1 4
HHV-6 5
HHV-7 4
Rhinovirus 1
SARS-CoV-2 2

False positive
Bacteria Achromobacter xylosoxidans 2

Acinetobacter haemolyticus 1
Clostridium tetani 1
Cupriavidus gilardii 1
Listeria monocytogenes 2
Orientia tsutsugamushi 1
Rhodococcus sp. 1
Stenotrophomonas maltophilia 1

Mycobacteria Mycobacterium avium complex 1

Fungi Coccidioides posadasii 2
Cryptococcus neoformans 1
Pneumocystis jirovecii 1
Rhizophagus irregularis 1
Scedosporium apiospermum 1
Trichosporon asahii 2

Viruses CMV 2
EBV 2
HSV-1 1
HHV-7 3
SARS-CoV-2 2

RPIP targeted NGS workflow
True positive
Bacteria Corynebacterium striatumb 1

Enterococcus faeciumc 1
Tropheryma whipplei 1
Ureaplasma parvum 1

Viruses EBV 12
HSV-1 4
HHV-6 4
Rhinovirus 1
SARS-CoV-2 3

False positive
Bacteria Burkholderia cepacia complex 1

Enterococcus faecalis 2
Escherichia coli 1
Fusobacterium nucleatum 1

(Continued on next page)
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demonstrated susceptibility to meropenem by standard methods. Disagreement was
found for 6 of 13 (46.2%) potential pathogens. Disagreement occurred because P. aerugi-
nosa was associated with blaOXA genes identified as encoding carbapenemases, although
the isolates tested susceptible to carbapenems. Additionally, a blaKPC gene harbored by a
Klebsiella pneumoniae isolate detected by standard methods was not detected by the tar-
geted workflow.

DISCUSSION

NGS workflows for BAL fluid specimens are anticipated to aid in the identification of
infectious pathogens. This study sought to evaluate the performance of a commercially
manufactured targeted NGS workflow (RPIP with Explify analysis) and a complementary
metagenomic NGS workflow. Using a composite clinical standard consisting of provider-or-
dered microbiology testing, clinical data, and orthogonal testing as the comparator, both
NGS workflows demonstrated similar performances.

Organism types were detected by the NGS workflows with differing efficiencies. The
detection of viruses demonstrated the highest PPA for both workflows. Similar to other
reports, herpesviruses were frequently identified (13). The PPA for bacteria and myco-
bacteria was diminished by the LoD ranging between 103 and 104 CFU/mL, preventing
the detection of organisms at lower abundances. Neither workflow reliably detected
bacteria quantified in standard cultures near or below 103 CFU/mL from clinical sam-
ples. The enrichment of targeted sequences by the RPIP workflow did not overcome
this challenge. The PPA for fungi was the lowest given the absence of true positives by
either NGS assay. This is in contrast to other studies in which increased detection of

TABLE 2 (Continued)

Workflow, result, and organism type Analyte
No. of samples with
analyte detected

Ralstonia pickettii 1
Stenotrophomonas maltophilia 1

Fungi Microascus cirrosus 3

Viruses Human metapneumovirus 1
EBV 1
SARS-CoV-2 5

aCounts represent the number of samples in which the analyte was detected per workflow.
bIsolated from blood cultures.
cIsolated from pleural fluid; vancomycin resistant by phenotypic testing and associated with a van gene by RPIP
analysis.

TABLE 3 Performance characteristics of targeted and metagenomic NGS workflows

Performance
category

No. of samples categorized as:
Accuracy (%) (95%
confidence interval)

PPA (%) (95%
confidence interval)

NPA (%) (95%
confidence interval)TP FP TN FN

Metagenomic
NGS workflow

Overall 69 29 98 53 67.1 (60.9–72.9) 56.6 (47.3–65.5) 77.2 (68.9–84.1)
Bacterial 20 10 153 24 83.6 (77.8–88.3) 45.5 (30.4–61.2) 93.9 (89.0–97.0)
Mycobacterial 3 1 188 5 97.0 (93.5–98.9) 37.5 (8.5–75.5) 99.5 (97.1–100.0)
Fungal 0 8 185 12 90.2 (85.3–93.9) 0.0 (0.0–26.5) 95.9 (92.0–98.2)
Viral 46 10 116 12 88.0 (82.5–92.4) 79.3 (66.6–88.8) 92.1 (85.9–96.1)

RPIP targeted
NGS workflow

Overall 56 17 102 66 65.6 (59.2–71.5) 45.9 (36.8–55.2) 85.7 (78.1–91.5)
Bacterial 20 7 158 24 85.2 (79.6–89.7) 45.5 (30.4–61.2) 95.8 (91.5–98.3)
Mycobacterial 1 0 189 7 96.4 (92.8–98.6) 12.5 (0.3–52.7) 100 (98.1–100.0)
Fungal 0 3 187 12 92.6 (88.0–95.8) 0.0 (0.0–26.5) 98.4 (95.5–99.7)
Viral 35 7 115 23 83.3 (77.1–88.5) 60.3 (46.6–73.0) 94.3 (88.5–97.7)
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fungal pathogens has been reported using metagenomic workflows (14, 15) but similar
to studies noting decreased detection of fungi (16). Multiple reasons may underlie
the differences in detection in this and other studies, such as extraction efficiency dif-
ferences per organism type, library preparation techniques, sequencing depths, lower
thresholds for detecting viral reads, and differences in sample selection (17).

The LoD ranges for both workflows were higher than anticipated based on previous
studies. Our group previously reported LoD ranges from cerebrospinal fluid (CSF) of
101 to 103 U/mL depending on the pathogen and processing method (10). Whereas a
comparable study utilizing a synthetic CSF matrix demonstrated lower LoD ranges of
1021 to 102 U/mL (18), a study using BAL fluid specimens reported similarly wide LoD
ranges (102 to 104 U/mL) overlapping those reported here (19). The analytical sensitiv-
ity of NGS assays is impacted by multiple variables, potentially involving all steps from
sample collection to bioinformatic analysis (12). Our results suggest that using the
same matrix for analytical sensitivity studies as the one for clinical testing may provide
a more representative measure of performance.

FIG 3 Relationship of bacteria quantified by standard methods and those detected by NGS
workflows. (A) True-positive (TP) and false-negative (FN) results per workflow. Each data point
represents bacteria isolated and quantified from standard aerobic cultures (n = 37). Isolates reported
as $10,000 CFU/mL were plotted at 10,000 CFU/mL. Bacteria detected by standard culture with
semiquantification or without quantification were not included. The metagenomic NGS (mNGS)
workflow detected 11 of 13 isolates (84.6%) quantified at .10,000 CFU/mL but did not detect 21 of
24 isolates (87.5%) quantified at ,10,000 CFU/mL. Similarly, the RPIP targeted workflow detected 9 of
13 isolates (69.2%) quantified at .10,000 CFU/mL but did not detect 20 of 24 isolates (83.3%)
quantified at ,10,000 CFU/mL. (B and C) Relationship of NGS quantification methods to relative
culture abundance for true-positive samples. Statistical comparisons were made using Mann-Whitney
testing (P = 0.02 for mNGS, and P = 0.03 for RPIP targeted NGS). Error bars represent standard
deviations. Note the difference in the y axes.
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Important considerations relating to bioinformatic analysis and database use are
highlighted in the LoD studies. Neither workflow correctly identified P. carinii because
this organism is not a human pathogen (20) and thus is absent from both databases,
whereas the human pathogen P. jirovecii is present in both databases. The metage-
nomic workflow assigned an identity of P. jirovecii, the closest taxonomic assignment
present in the Kraken database. The RPIP targeted workflow accurately made no asso-
ciation with P. jirovecii. Separately, C. neoformans was inaccurately identified as C. gattii
by the RPIP targeted workflow. Both analytes are present in the Explify database, and
this misidentification was due to the bioinformatic approach of Explify. This was
resolved in a future version of the pipeline (IDbyDNA representatives Robert
Schlaberg, personal communication). Thus, the bioinformatic approach and database
used will directly impact the results, which must be considered when interpreting data
generated by NGS workflows.

The multitude of organisms identified in individual samples by both NGS workflows
demonstrates that interpretive criteria are necessary to determine potential pathologi-
cal significance. Approximately 10-fold more results were generated by the metage-
nomic workflow than by the targeted workflow, and these results were reduced by
96.8% upon applying interpretive criteria. Although the targeted workflow involved
two methods of enhancing the detection of potential pathogens, targeting with RPIP
reagents and utilizing the paired Explify analysis, 75.2% of the reported analytes were
deemed nonpathogenic members of the resident microbiota after applying interpre-
tive criteria. The absence of predefined interpretive criteria could lead to the overre-
porting of microbiota members as pathogens, potentially leading to antimicrobial
overuse and negative patient outcomes. Although the screening results using interpre-
tive criteria masked the detection of bacterial pathogens by the NGS workflows in a
small number of samples, utilizing such criteria is necessary given the abundance of or-
ganism reads that can be generated. Interpretive criteria are already in use in clinical
microbiology laboratories to dictate the reporting of cultures containing mixed organ-
isms that include members of the resident microbiota and should be adapted to inter-
pret results generated by NGS assays as presented in this study. Such criteria include
lists of organisms to conditionally report but could also incorporate surrogate methods

TABLE 4 Antimicrobial resistance associations made by Explify analysis for the RPIP targeted workflowf

Pathogen Associated AMRmarker(s)a Susceptibility profile Agreement
E. coli ANT(39), CTX-M, Dfr, MPH, OXA, Sul ESBL; R-TMP-SMX Agreeb (partial agreement)
E. faecalis Erm Pansusceptible (ampicillin, vancomycin, linezolid) Agreec

E. faecium APH(39), Erm, Van VRE; R-ampicillin, SDD-daptomycin, R-vancomycin Agreed

M. tuberculosis Qnr, RRS Susceptible to first-line agents, prediction of resistance to
second-line agentse

Agree

P. aeruginosa CTX-M, Dfr, OXA Pansusceptible Disagree
P. aeruginosa OXA Pansusceptible Disagree
P. aeruginosa OXA Pansusceptible Disagree
P. aeruginosa OXA, CrpP Pansusceptible Disagree
P. aeruginosa OXA, CrpP Pansusceptible Disagree
P. aeruginosa OXA, Dfr S-meropenem, R-piperacillin-tazobactam, R-ceftazidime,

R-cefepime, R-aztreonam
Disagree

S. aureus ABC–F, APH(39), MecA, MPH R-oxacillin, R-erythromycin Agree
S. aureus Erm R-clindamycin, R-erythromycin Agree
S. aureus MecA, Erm PBP2a detected by LFA Agree
aAssociations are listed as reported by Explify analysis, which does not follow traditional gene-based reporting. Reported associations between AMRmarkers and drug
classes are made by Explify as follows: ABC–F, macrolides; ANT(39), aminoglycosides; APH(39), aminoglycosides; CrpP, fluoroquinolones; CTX-M, cephalosporins and penicillins;
Dfr, diaminopyrimidine; Erm, lincosamides and macrolides; MecA, beta-lactam/beta-lactamase inhibitors, carbapenems, cephalosporins, and penicillins; MPH, macrolides; OXA,
carbapenems; Qnr, fluoroquinolones; RRS, aminoglycosides; Sul, sulfonamides; Van, glycopeptides. Associations were not made with all agents in each class.

bSusceptible to meropenem, although OXA is associated. Macrolides were not tested for this isolate.
cMacrolides were not tested for this isolate.
dAminoglycosides and macrolides were not tested for this isolate.
eSecond-line agents were moxifloxacin at an MIC of 0.25mg/mL (at the proposed critical concentration), amikacin at an MIC of 0.5mg/mL (below but within 1 dilution of the
proposed critical concentration), and kanamycin at an MIC of 2.5mg/mL (at the proposed critical concentration).
fR, resistant; S, susceptible; TMP-SMX, trimethoprim-sulfamethoxazole; VRE, vancomycin-resistant Enterococcus; PBP2a, penicillin binding protein 2a; SDD = susceptible dose
dependent; LFA = lateral flow assay.
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of quantification such as read counts and relative abundances. These methods may
prevent overcalling taxonomic near-neighbor effects, as in the misclassification of M.
fortuitum reads as belonging to M. tuberculosis in one replicate of the analytical sensi-
tivity studies.

The performance characteristics of the workflows in this study could allow their use
as adjunctive tests with standard microbiology testing. The use of these assays inde-
pendent of standard microbiology approaches would require comparable detection of
all organism types at limits of detection afforded by culture and directed molecular
testing and would be enhanced by the reduced detection of nonpathogenic members
of the resident microbiota. Acceptable performance for clinical use has been demon-
strated for particular pathogen groups (21–24), although the present study differs in
sequencing methods, included higher numbers of samples, and represented ungov-
erned use through the lack of sample selection. Groups utilizing metagenomic
sequencing methods similar to those studied here report performance characteristics
below what is needed for independent use (25). Adjunctive use also involves diagnos-
tic stewardship, and use with standard microbiology testing in select populations may
be the most beneficial. The performance of NGS workflows is enhanced when samples
from specific patient populations, such as those who are immunocompromised, are
studied (26–29).

The use of these assays as adjunctive tests could detect pathogens that were not
suspected or detected by standard-of-care methods. This was demonstrated with
metagenomic workflows using the Explify platform for analysis, exhibiting the poten-
tial to improve pathogen identification from BAL fluid when utilized in conjunction
with standard microbiology techniques (30). In the present work, Ureaplasma parvum
was detected by NGS methods in a patient after lung transplantation with pneumonia
with hyperuricemia, a clinical syndrome compatible with Ureaplasma infection (31).
Additionally, T. whipplei, SARS-CoV-2, CMV, and rhinovirus were detected by NGS work-
flows that were not part of provider-ordered testing. Although limited, these cases
illustrate how NGS testing can provide unexpected diagnostic information.

Antimicrobial resistance detection by the targeted RPIP workflow demonstrated con-
cordance with results determined by phenotypic susceptibility testing in over half of the
specimens with associated AMR genes and phenotypic AST results. These organisms were
Gram positive (S. aureus and E. faecalis), Gram negative (E. coli), and mycobacterial (M. tuber-
culosis). Notably, the AMR detected for M. tuberculosis was for second-line agents, and the
corresponding critical concentrations of these agents met proposed limits to define non-
wild-type susceptibility (32). Associations were not made for all pathogens as demonstrated
by the lack of identification of a blaKPC gene in a carbapenemase-producing carbapenem-
resistant Klebsiella oxytoca isolate. AMR association failed for P. aeruginosa, wherein an
endogenous, narrow-spectrum blaOXA-2 gene was associated with mediating carbapenem
resistance. Additionally, the majority of AMR genes detected by the targeted workflow
were not associated with detected pathogens. These were likely harbored by members of
the resident microbiota that did not pass thresholds for inclusion in the reported data, fur-
ther demonstrating difficulties encountered by testing AMR genes directly from specimens
obtained from nonsterile sites. Issues of blaOXA-2 association with carbapenemase produc-
tion in P. aeruginosa and reports of AMR markers unassociated with specific organisms
have been addressed in a future version of the Explify bioinformatic pipeline (IDbyDNA rep-
resentatives Robert Schlaberg, personal communication). These issues emphasize that AMR
associations must be considered preliminary and not used for patient management deci-
sions until associations generated by a given NGS workflow are demonstrated to be equiv-
alent to those of standardized methods of AMR identification.

The primary functional differences between the NGS workflows evaluated in this
study relate to library preparation, bioinformatic analysis, and the extent of result
review and interpretation (Table 5). At the point in library preparation when the prod-
uct is utilized for metagenomic sequencing, additional enrichment and cleanup steps
with the RPIP reagents were performed for targeted sequencing. These steps were
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described as technically challenging by technologists performing the assay and require
additional time. However, bioinformatic analysis performed with the Explify platform
does not require in-depth knowledge of bioinformatic techniques and provides clear
reports of potential pathogens detected in the specimens. This is in contrast to the
metagenomic workflow, which is less technically demanding but requires a facility
with bioinformatic analysis. The analysis pipeline used for the metagenomic workflow
included data structure management, command-line interaction with Kraken, and
manual analysis of taxonomically assigned read counts. Although this analysis allows
more insight into microbial communities, it can be cumbersome and time-consuming.
Additionally, computational infrastructure; data storage solutions; and database crea-
tion, curation, validation, and maintenance are needed to perform the in-house analy-
sis. Without clear differences in performance, benefits may be realized in the technical
or bioinformatic aspects at the level of individual users.

Workflow differences result in variabilities in cost. Library preparation reagents for
the RPIP targeted assay are approximately $140 per sample. For a comparable metage-
nomic library preparation kit, costs are estimated to be approximately $60 per sample.
Sequencing costs differ due to the numbers of reads utilized for each workflow. Using
the NextSeq1000 platform as an example, the cost of sequencing 3 million reads (RPIP
targeted workflow) is approximately $20 per sample, whereas the cost of sequencing
10 million reads (metagenomic workflow) is approximately $90 per sample. These costs
are dependent upon the degree of multiplexing per run, and optimal multiplexing is
assumed for this comparison. Although library preparation and sequencing costs are
nearly equivalent at $150 to $160 per sample for each workflow, the additional tech-
nologist time required for the RPIP targeted workflow is not included in this estimation.
Costs also differ for bioinformatic analyses. The Explify platform accessed via Illumina
BaseSpace requires paid iCredits for use, but these costs must be considered in the
context of those incurred for the metagenomic workflow (establishing computational
infrastructure and performing bioinformatic analysis). This comparison is applicable
only to the methods used in this study. Laboratories must consider diagnostic needs
and available resources to determine the most valuable workflow for testing.

This study has multiple limitations. First, the patients included in this study represented a
heavily pretreated population, with many treated with antimicrobial agents in the 14 days
prior to the acquisition of the BAL fluid specimens. It is possible that false-positive bacterial
and fungal results represented organisms that could not be recovered in culture due to anti-
microbial use. Second, BAL fluid was not collected using protected techniques, potentially
allowing contamination of samples by oropharyngeal flora. Third, the same provider-or-
dered tests were not applied to all samples. Although this is representative of provider
ordering practices, all pathogens may not have been identified if missed by NGS workflows

TABLE 5 Practical considerations for mNGS and tNGS workflows

Step

Consideration(s) for workflow

Metagenomic NGS RPIP/Explify targeted NGS
Processing and library preparation Less extensive library prepn; lower cost for library prepn kits

without targeted reagents
More extensive library prepn; additional time and
higher reagent cost

Sequencing Greater depth (goal of 10 million reads/sample); higher
sequencing cost per sample

Shallower depth (goal of 3 million reads/sample);
lower sequencing cost per sample

Bioinformatic analysis Open-source bioinformatics; more involved and requires
bioinformatic experience and database curation/
maintenance; additional resource and time cost; ability to
detect more organisms for other research questions

Less involved; does not require bioinformatic
experience or database management

Result interpretation Markedly more results requiring interpretation; possible
missed pathogens with abundant resident microbiota

Easier interpretation, with potential pathogens
listed on Explify report (but interpretation still
required)

Detectable analytes Broadest possible within processing and database
limitations

Narrower; partially limited by bioinformatic
analysis process

AMR prediction Not studied but theoretically possiblea Achievable but requires optimization
aSee reference 33.
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and the lack of standardized testing. Finally, reporting of BAL fluid cultures is standardized
in the Johns Hopkins clinical microbiology laboratory, but variability by technologists in the
extent of workup for small quantities of bacterial isolates may have occurred.

NGS assays have the potential to improve the clinical detection of pathogens from BAL
fluid specimens. Additional optimization is required before the testing studied here can be
used independently of standard microbiology techniques. Based on this study, NGS-based
approaches for BAL fluid specimens should be considered an adjunct to standard methods,
not a replacement. The value of these NGS workflows may be found in the detection of
rare, atypical, or unsuspected pathogens. This study additionally highlights considerations
for the clinical application of NGS workflows. Clinical laboratories must weigh technical
and bioinformatic expertise before incorporating NGS workflows as laboratory-developed
tests. Defining reporting criteria for respiratory NGS results is required for appropriate inter-
pretation similarly to culture-based methods for respiratory specimens. Additionally, form-
ing multidisciplinary teams to interpret results in the context of a specific syndrome as well
as clinical microbiology and infectious diseases at large may benefit the use of NGS work-
flows for patient care. Studies evaluating NGS workflows in specific patient populations
and how clinical outcomes are influenced by diagnostic NGS approaches are needed. The
promise of these technologies for patient care remains, and optimal approaches require
further investigation.
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