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Abstract

Background Acute respiratory infections (ARIs) pose a significant global health burden, particularly affecting
infants and young children with high morbidity and mortality rates. Targeted next-generation sequencing (tNGS)
has emerged as a rapid and cost-effective diagnostic tool capable of identifying a broad range of respiratory tract
infections.

Methods Oropharyngeal swabs and sputum samples were collected from patients and subjected to tNGS and
sputum culture, respectively, for diagnosing ARIs. A retrospective analysis was conducted on clinical data to explore
the clinical diagnosis and therapeutic application of tNGS.

Results This study included 336 pediatric patients with confirmed ARIs. tNGS detected 38 potential pathogens,
comprising 25 species (15 bacteria and 10 viruses) and 13 viral subtypes. The overall microbial detection rate

using tNGS was 100%. The leading bacterial pathogens identified were Streptococcus pneumoniae (36.0%),
Stenotrophomonas maltophilia (30.4%), Streptococcus intermedius (29.5%), Moraxella catarrhalis (27.1%), and Hemophilus
influenzae (20.2%). The predominant viral pathogens included human adenovirus (31.3%), human rhinovirus

(26.5%), human parainfluenza virus (25.0%), cytomegalovirus (19.0%), and human bocavirus (11.0%). Among the 94
patients who underwent simultaneous sputum culture and Gram staining, tNGS exhibited a superior detection rate
compared to sputum culture (100% vs. 53.2%). Among the 50 patients with concordant positive results for both tNGS
and sputum culture, 80% (40/50) demonstrated full or partial agreement. Additionally, tNGS revealed age-specific
heterogeneity in pathogen distribution across different age groups.

Conclusion Traditional diagnostic methods often fall short of meeting the diagnostic demands of ARIs. This study

underscores the potential of tNGS in oropharyngeal swabs for enhancing pathogen detection, thereby improving the
diagnosis, treatment, and prevention of ARIs.
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spectrum, Diagnosis

Importance This study represents the first investigation utilizing oropharyngeal swabs for tNGS in diagnosing and
treating ARIs. By analyzing surveillance data from a local hospital’s patients with ARIs, we have identified the spectrum
of bacterial and viral pathogens and explored demographic differences among patients. These findings underscore
the potential of tNGS in ARl surveillance, diagnosis, pathogen detection, and prevention.

Keywords Acute respiratory infections, Targeted next-generation sequencing, Pharyngeal swabs, Pathogen

Introduction

Acute respiratory infections (ARIs) represent a signifi-
cant global health burden, particularly impacting infants
and young children with high morbidity and mortality
rates [1-3]. Timely and accurate pathogen detection is
crucial for the clinical diagnosis and treatment of ARIs.
Traditional testing methods, such as culture, are ham-
pered by limitations, including time consumption and
the inability to detect unculturable bacteria. Viruses are
also just detectable by molecular techniques, with the
exception of highly time-consuming methods such as cell
culture [4]. Antigen-antibody detection also faces chal-
lenges such as testing times and accuracy issues due to
prolonged target generation windows [5]. Additionally,
antibody detection necessitates the performance of tests
at a minimum of two distinct time points. Furthermore,
molecular diagnostic methods like multiplex polymerase
chain reaction (PCR) can detect numerous pathogens
within two hours but are limited in their capacity for
pathogen diversity and genotyping [6].

On the other hand, next-generation sequencing (NGS)
has emerged as a promising technology for pathogen
detection, offering higher vyields, shorter turnaround
times (TAT), and more comprehensive genomic infor-
mation [7]. Among these methods, metagenomic NGS
(mNGS) has shown high efficiency in detecting patho-
gens associated with ARIs [8-10]. However, mNGS
faces inherent challenges such as significant amounts of
host nucleic acid, high costs, considerations regarding
sequencing depth, external contamination and internal
or cross contamination, and a lack of standardized inter-
pretation protocols, which limit its widespread clinical
applications [11]. Considering the sensitivity and cost-
effectiveness of mNGS in pathogen detection, targeted
NGS (tNGS), which combines PCR and NGS technolo-
gies, has the potential to enhance pathogen signals while
reducing the amount of sequencing data. This dual opti-
mization aims to improve detection performance while
managing costs. Studies have demonstrated that tNGS
performs comparably to mNGS in detecting respiratory
pathogens from bronchoalveolar lavage fluid specimens
(BALF) [12]. Furthermore, tNGS costs only a fraction
of mNGS expenses while covering>95% of respiratory
infections [13]. Recent research from our study indi-
cates that tNGS achieves a significantly higher microbial
detection rate compared to conventional microbiological

tests (CMTs) (96.7% vs. 36.8%) in pulmonary infections.
Moreover, there was an 86.8% full or partial agreement
in concordant positive results between tNGS and CMTs
[14].

While current tNGS studies predominantly focus on
BALF [12] and sputum [14], there are limited investiga-
tions into the clinical diagnostic potential of tNGS using
pharyngeal swabs for ARIs. Therefore, our study aimed
to assess the performance of tNGS in diagnosing patho-
gens associated with ARIs. Using a tNGS assay targeting
95 pathogens (Supplementary Table S1), we explored its
clinical diagnosis and therapeutic application in children
with ARIs. Additionally, we sought to explore the hetero-
geneity in pathogen distribution within the study cohort
based on tNGS results.

Methods

Study design

This retrospective case series analyzed 336 oropha-
ryngeal swabs (OPS) and 94 sputum samples collected
between July and December 2022 at Binyang Women and
Children’s Hospital in China. OPS and sputum samples
were subjected to tNGS and sputum culture, respectively.
Researchers comprehensively reviewed clinical data from
each patient diagnosed with ARIs who had undergone
tNGS. The study received approval from the local Ethics
Committee and adhered to the principles outlined in the
1990 Declaration of Helsinki and its subsequent amend-
ments. All the data used in this study were anonymized
and exclusively utilized for analysis in this paper. Strict
measures were implemented to maintain patient confi-
dentiality, including obtaining informed consent from all
participants.

The inclusion criteria for the study were: (i) patients
diagnosed with ARIs; (ii) use of tNGS for pathogen diag-
nosis; (iii) availability of complete clinical data; and (iv)
patients who provided informed consent to participate.
The exclusion criteria included: (i) patients who declined
sample collection for tNGS; (ii) OPS that did not meet
tNGS quality standards; and (iii) patients with incom-
plete clinical data.

Sample collection

A flocked swab was recommended for the collection
of OPS specimens. Patients were instructed to gargle
with normal saline. If mouth-rinsing was unsuccessful,
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patients were asked to either spit out or swallow a small
amount of water. To expose the oropharynx, patients
were instructed to open their mouth and make the “ah”
sound, or a tongue depressor was used to hold down the
tongue. The swab is then guided across the base of the
tongue to the posterior pharyngeal wall, or the posterior
uvula. The posterior pharyngeal wall and both sides of
the tonsils were wiped moderately, with the swab rotated
appropriately to increase contact area while avoiding
the tongue. OPS were placed in viral transport medium
(VIM) or other buffers. For infants or young children
who are unable to expectorate sputum through cough-
ing, a disposable suction catheter was utilized to aspi-
rate the sputum using negative pressure. It is emphasized
that all these procedures were conducted exclusively by
physicians trained according to specific collection proto-
cols. Approximately one to two OPS were collected and
stored at — 20 °C within 48 h for subsequent tNGS analy-
sis. Approximately 1-3 mL of sputum was collected for
smear microscopy and culture.

tNGS

Sample Preparation

A 1.3-mL volume of the sample was collected into a
1.5-mL centrifuge tube. The mixture was homogenized
for 15 s using a vortex mixer and then centrifuged at
12,000 rpm for five minutes to enrich the pathogens.
Concurrently, positive, negative, and empty controls
from the Respiratory Pathogen Detection Kit (KS608-
50SHXD96, KingCreate, Guangzhou, China) were
included to monitor the entire experimental process of
tNGS.

Nucleic acid extraction

After removing the supernatant, 500 uL of the homog-
enate was used for total nucleic acid extraction and puri-
fication using the MagPure Pathogen DNA/RNA Kit
(R6672-01B, Magen, Guangzhou, China), following the
manufacturer’s protocol.

Library construction, sequencing, and bioinformatics
analysis

The library was constructed using the Respiratory Patho-
gen Detection Kit (KS608-50SHXD96, KingCreate,
Guangzhou, China). This process involved cDNA syn-
thesis and two rounds of PCR amplification. The sample
nucleic acids and ¢cDNA served as templates, and a set
of 95 microorganism-specific primers were selected for
ultra-multiplex PCR amplification to enrich the target
pathogen sequences, spanning bacteria, viruses, myco-
plasma, and chlamydia. After the first round of ampli-
fication, PCR products underwent purification with
magnetic beads to screen target fragments, followed
by the second round of amplification using primers

Page 3 of 11

containing sequencing adapters. After the purification,
generated libraries were quantified using Qubit dsDNA
HS Assay Kit (Q32854, Thermo Fisher Scientific, Mas-
sachusetts, United States) with Qubit 4.0 fluorometer
(Thermo Fisher Scientific, Massachusetts, United States)
to ensure all samples with library concentration>0.5 ng/
pL. The quality of the mixed library was evaluated using
the Qsepl00 Bio-Fragment Analyzer (Bioptic, Taiwan,
China). Generally, the mixed library fragments were
approximately 250-350 bp in size. The concentration of
the mixed library was requantified and then diluted to
a final concentration of 1 nmol/L. Subsequently, 5 uL of
the mixed library was combined with 5 pL of freshly pre-
pared NaOH (0.1 mol/L). After briefly vortexing and cen-
trifuging, the library was incubated at room temperature
for 5 min. After the mixed library was diluted to a final
loading concentration of 1.0 pM, a single-end 100 bp
sequencing was carried out on the Illumina MiniSeq Plat-
form using the universal sequencing reagent kit (KS107-
CXR, KingCreate, Guangzhou, China), with an average of
0.1 million sequencing reads per sample.

Sequencing data underwent analysis utilizing the data
management and analysis system (v3.7.2, KingCreate).
Initially, the raw data were identified by the adapter,
retaining reads with a single-end length exceeding 50 bp.
Subsequently, low-quality filtering was performed to
retain reads with Q30>75% as high-quality data. The
aligned single-ended reads were then compared with the
Self-Building clinical pathogen database to ascertain the
read count of the specific amplification target present in
each sample. The reference sequences employed for read
mapping were derived from a meticulously curated data-
base, which integrates data from various sources, includ-
ing GenBank database, RefSeq database, and Nucleotide
database from NCBIL.

Interpretation of tNGS results

The interpretation of the tNGS results adhered to the
experimental principle of amplifying microbial sequences
using specific primers. Key indicators for interpretation
included amplicon coverage and normalized read counts
of detected microorganisms within the sample. Report-
ing criteria for infectious pathogens identified by tNGS
were as follows: (i) for bacteria and atypical pathogens,
amplicon coverage >50% and normalized read count > 10;
(ii) for viruses, amplicon coverage>50% and normal-
ized read count>3, or alternatively normalized read
count>10. Following this, two experienced clinicians
independently assessed the clinical data of the patients
to determine the presence of a respiratory tract infection
and the clinical relevance of potential pathogens. This
assessment incorporated the medical history, symptoms,
imaging findings, and tNGS results of the patients. In
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cases where interpretations differed, consultation with a
senior physician was sought to reach consensus.

Data management and statistical analyses

Data management and statistical analyses involved defin-
ing three age groups: infants and toddlers (03 years old),
preschool-age children (4—6 years old), and school-age
children (7-11 years old). Quantitative variables were
described using medians and ranges, while categorical
variables were presented as numbers and percentages.
Statistical analyses were conducted using IBM SPSS Sta-
tistics for Windows (version 20.0; IBM Corp., Armonk,
NY, USA). A significance level of P<0.05 was considered
statistically significant.

Results

Patient characteristics

A total of 372 patients diagnosed with ARIs and under-
going tNGS were initially considered for review and
potential enrollment in this study. Of these, 36 patients
were excluded for various reasons, including repeti-
tion (n=10), non-respiratory infectious diseases (n=5),
and incomplete data (n=21). Consequently, a definitive
cohort of 336 patients met the enrollment criteria and
underwent further analysis (Fig. 1). The median age of
the cohort was two years, with 209 (62.2%) patients being
male. Of 336 patients in the retrospective study, 13 (3.9%)
patients were identified as immunocompromised. A
majority of patients (n=301, 89.6%) had been exposed to
antibiotics before sample collection. Cough was reported
in 303 (90.2%) patients. Among 336 patients, 154 (45.8%)
patients were diagnosed with upper respiratory tract
infections, while a majority of patients (n=314, 93.5%)
presented with lower respiratory tract (LRT) infections.
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Additionally, there were 262 (78.0%) patients confirmed
cases of pneumonia. Notably, all infections were classi-
fied as community-acquired (Table 1).

Pathogen positive rate

Among the 336 enrolled patients, tNGS detected a total
of 38 potential pathogens, comprising 25 species (15 bac-
teria and 10 viruses) and 13 viral subtypes (Figs. 2 and 3).
The overall microbial detection rate for tNGS was 100%.

In total, 88.1% (296 out of 336) of the patients with
ARI had at least one positive bacterium detection, with
the highest rate observed in school-age children (89.5%,
17 out of 19). This rate decreased to 89.2% (224 out of
251) in infants and toddlers and 83.3% (55 out of 66) in
preschool-age children (Table 2). The positive rates were
comparable between genders (89.0% in males vs. 86.6% in
females; P>0.05).

Similarly, 87.5% (294 out of 336) of patients with ARI
had at least one positive virus detection, with the high-
est rate found in infants and toddlers (89.6%; 225 out
of 251). This rate decreased to 84.8% (56 out of 66)
in preschool-age children and 68.4% (13 out of 19) in
school-age children (Table 2). The gender comparison
showed comparable rates (87.1% in males vs. 88.2% in
females; P> 0.05). Statistically significant differences were
observed between infants, toddlers, and school-age chil-
dren (89.6% vs. 68.4%, P<0.05). Among the 294 viral-pos-
itive samples, single, double, triple, quadruple, quintuple,
and sextuple viral co-detection were observed in 47.6%
(n=160), 28.0% (n=94), 9.2% (n=31), 2.1% (n=7), 0.3%
(n=1), and 0.3% (n=1) of patients, respectively (Supple-
mentary Table S2).

Viral-bacterial co-detection was observed in 75.6%
(254 out of 336) of patients, with the highest co-detection

Patients diagnosed with ARIs and ungergoing oropharyngeal
swabs tNGS (n=372)

Excluded (n=36)

* Repetition (n=10)

——> | * Non-respiratory infectious diseases
(n=5)

¢ Incomplete data (n=21)

Patients were included 1

n final analysis (n=336)

infants and toddlers (n=251) preschool-age

children (n=66) school-age children(n=19)

Fig. 1 Flow diagram of the study
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Table 1 Baseline characteristics of the 336 patients enrolled

Characteristic Value
(n=336)
Median age, years 2(0-11)

Age group, n(%)

infants and toddlers (0-3 years of age) 251 (74.7%)

Preschool children (4-6 years) 66 (19.6%)
School-age chlidren (7-11 years) 19 (5.7%)

Gender, n(%)

Male 209 (62.2%)

Female 127 (37.8%)
Immunocompromised, n(%) 13 (3.9%)
Antibiotic exposure, n(%)

Yes 301 (89.6%)

No 35 (10.4%)
Acute respiratory infections symptom, n(%)?

cough 303 (90.2%)

runny nose 244 (72.6%)

fever 213 (63.4%)

nasal obstruction 198 (58.9%)

expectoration 177 (52.7%)

sore throat 35 (10.4%)

Categorization of respiratory tract infections, n(%)

upper respiratory tract infections 154 (45.8%)
lower respiratory tract infections 314 (93.5%)
pneumonia 262 (78.0%)

non-pneumonia 52 (15.5%)

Differentiation between community-acquired and

hospital-acquired infections, n(%)P
community-acquired 336 (100%)

0 (100%)

? Individual symptom percentages do not add up to 100 because patients

often had multiple symptoms. Acute respiratory infections are defined as

having at least one of the following symptoms: cough, runny nose, fever, nasal

obstruction, expectoration, and sore throat.

hospital-acquired

bCommunity-acquired infections are defined as infections contracted outside
of a healthcare setting, including those with a defined incubation period
that present during this period after admission. Hospital-acquired infections,
on the other hand, are infections that become apparent 48 h or more after
hospital admission, assuming the patient was not in the incubation phase upon
admission.

rate seen in infants and toddlers (78.9%), followed by
preschool-age children (68.2%) and school-age children
(57.9%; Table 2). co-detection comparable rates (76.6% in
males vs. 74.8% in females; P> 0.05).

Pathogen detection and age-specific pathogen spectrum

Based on the proportion of viral positive detections, the
most frequently identified viral pathogen was human
adenovirus (HAdV), accounting for 31.3% of all positive
detections, followed by human rhinovirus (RV, 26.5%),
human parainfluenza virus (HPIV, 25.0%), cytomegalo-
virus (CMYV, 19.0%), human bocavirus (HBoV, 11.0%),
respiratory syncytial virus (RSV, 8.9%), Epstein-Barr virus
(EBV, 8.0%), human coronavirus (HCoV, 7.1%), entero-
virus (EV, 4.2%), and Herpes simplex virus 1 (HSVI,
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1.8%). Further genotyping analysis for HAdV revealed
HAdV-B3 as predominant, accounting for 76.2% of geno-
typed patients, with HAdV-C2 and HAdV-C1 account-
ing for 8.6% and 1.0%, respectively. Among genotyped
RV cases, RV-C was predominant at 55.1%, followed
by RV-A (31.5%) and RV-B (3.4%). Among genotyped
HPIV cases, HPIV-3 was most prevalent (67.9%), fol-
lowed by HPIV-4 (25.0%) and HPIV-1 (7.1%). For HCoV,
HCoV-OC43 and HCoV-HKU1 accounted for 62.5%
and 37.5% of genotyped cases, respectively. Age-specific
analysis revealed different patterns of viral pathogens.
Among infants and toddlers, HPIV was the most com-
mon pathogen (31.1%), followed by RV (28.3%), HAdV
(26.7%), CMV (24.7%), and HBoV (13.1%). In preschool-
age children, HAdV surpassed RV and HPIV as the
leading pathogens (HAdV>RV>HPIV>HCoV >RSV).
Among school-age children, EBV emerges as the most
detected pathogen, followed by HAdV, RV, EV, and HBoV
(EBV>HAdV =RV >EV=HBoV; Fig. 2).

Based on the proportion of positive detections for
bacteria, Streptococcus pneumoniae was the most fre-
quently detected bacterium, accounting for 36.0% of
all positive detections, followed by Stenotrophomonas
maltophilia (30.4%), Streptococcus intermedius (29.5%),
Moraxella catarrhalis (27.1%), Haemophilus influenzae
(20.2%), Acinetobacter baumannii (19.0%), Streptococ-
cus anginosus (13.7%), Klebsiella pneumoniae (7.1%), and
Staphylococcus aureus (6.8%). Mycoplasma pneumoniae
was detected in 1.8% of patients (n=6; Fig. 2). Age-spe-
cific differences were observed in pathogen distribu-
tion. Among infants and toddlers, the top five bacterial
pathogens were S. pneumoniae (38.6%), S. maltophilia
(32.3%), M. catarrhalis (29.9%), S. intermedius (29.5%),
and A. baumannii (23.9%). In preschool-age children, S.
pneumoniae remained predominant, followed by S. inter-
medius, S. anginosus, S. maltophilia, and H. influenzae.
Among school-age children, S. anginosus emerged as the
most detected pathogen, with H. influenzae moving up
significantly from seventh place in infants and toddlers
to second place. The ranking of other pathogens showed
minor variations (S. anginosus>H. influenzae > S. inter-
medius > S. maltophilia =M. catarrhalis; Fig. 2).

Pathogen detection using tNGS, sputum culture and
antibody detection

Among the 336 patients enrolled in the study, only 94
patients (28.0%) were able to provide sputum and then
underwent simultaneous sputum culture and Gram
staining. Within this cohort, the overall microbial detec-
tion rates for tNGS and sputum culture were 100%
(94/94) and 53.2% (50/94), respectively. A total of 11
potential pathogens were identified through tNGS, while
sputum culture detected 7 pathogens. Notably, the detec-
tion rate of tNGS significantly exceeded that of sputum
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Detection rate(%)

Streptococcus pneumoniae 36.0 Iﬁ 31.8 15.8 @
Stenotrophomonas maltophilia+ 30.4 3 242 26.3
Moraxella catarrhalis 29.5 29.9 16.7 26.3
Streptococcus intermedius 27.1 29.5 28.8 31.6
Acinetobacter baumannii+ 20.2 289 6.1 0
© Haemophilus influenzae~ 19.0 19.9 18.2 31.6
E Streptococcus anginosus 13.7 8.8 24.2
g Klebsiella pneumoniae] 7.1 8.8 3.0 0
o Staphylococcus aureus=] 6.8 6.8 45 15.8 40
Streptococcus constellatus 5.1 2.8 12.1 10.5
Pseudomonas aeruginosa= 1.8 2.4 0 0
Mycoplasma pneumoniae™ 1.8 0.8 1.5 15.8
Neisseria meningitidis 1.2 0.4 0 0
stretpococcus pyogenes " 0.3 0.4 185} 10.5
Bordetella pertussis™ 0.3 0.4 0 0
Human parainfluenza virus- 313 31.1 9.1 0
RhinovirusH 26.5 283 21.2 21.1 L 1
Human adenovirus- 25.0 26.7 21.1
3 Cytomegalovirus= 19.0 24.7 3.0 0
g Human bocavirus+ 11.0 13.1 45 5.3
> Respiratory syncytial virus= 8.9 10.4 6.1 0
Human coronavirus+ 8.0 7.6 7.6 0
Epstein-Barr virus- 7.1 7.6 45 26.3
Enterovirus- 42 4.4 3.0 5.3
Human alphaherpesvirus 14 1.8 1.6 3.0 0 N
all c'ases infants anld toddlers presch:lol-age school-ag:e children

children

Fig. 2 Distribution of potential pathogens in the study cohort and heterogeneity of the pathogen spectrum among different age groups of children

culture (P<0.0001). Among the 94 patients, 50 exhib-
ited positive results for both tNGS and sputum culture.
The pathogens identified by both methods included S.
pneumoniae, M. catarrhalis, H. influenzae, and P. aeru-
ginosa, with detection rates of 18.1%, 14.9%, 8.5%, and
1.1%, respectively (Fig. 4). Among the 50-double positive
patients, 6 patients (6.4%, 6/94)) displayed completely
consistency between tNGS and sputum culture, whereas
34 patients (36.2%, 34/94) exhibited partial consistency,
and 10 patients (10.6%, 20/94) showed complete incon-
sistency. Additionally, two microorganisms were solely
identified by sputum culture: S. mitis and Staphylococcus
xylosus, which fell outside the detection range of tNGS.
Moreover, only 18 patients (5.4%) underwent Myco-
plasma pneumoniae (MP) and Chlamydia pneumoniae
(CP) IgM/IgG assays. All patients exhibited negative
results for MP and CP antibody detection, which was
consistent with the tNGS results.

Clinical impact of tNGS

It is important to note that this study lacked standard ref-
erence results for pathogen diagnosis due to the absence
of bacterial culture and the real-time PCR method for
multiple virus detection. Despite this limitation, treat-
ment records for all 336 patients showed that treatment
adjustments were directly made for 33 patients based

on tNGS results, while 303 continued with their exist-
ing treatment regimens to assess efficacy. The majority of
those who did not have treatment adjustments had previ-
ously received empirical medications that effectively tar-
geted the detected pathogens. Additionally, the average
TAT for tNGS was 16.9 h, demonstrating rapid and con-
sistent TAT. The cost of a single tNGS assay ranges from
400 to 800 RMB, presenting a significant cost reduction
of approximately 75-90% when compared to a mNGS
assay.

Discussion

To the best of our knowledge, this study represents the
first investigation utilizing OPS for tNGS in diagnosing
and treating ARIs. By analyzing surveillance data from a
local hospital’s patients with ARIs, we have identified the
spectrum of bacterial and viral pathogens and explored
demographic differences among patients.

In this study, we utilized a tNGS assay targeting 95
pathogens to assess its performance in detecting micro-
bial pathogens in OPS, addressing concerns regarding
sample collection, testing costs, TAT, and accessibility.
Among the enrolled patients, tNGS identified 38 patho-
gens, comprising 25 species (15 bacteria and 10 viruses)
and 13 viral subtypes. Our findings indicate a 100%
detection rate for microbial pathogens in OPS using
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Fig. 3 Distribution of genotyped viruses in the study cohort

Table 2 Positive rates of viral and bacterial pathogens and viral-
bacterial co-detection rates among patients with ARI

Viral Bacterial  Viral-bac-
pathogens pathogens terial co-
tested tested detection
tested?®
All 294 (87.5%) 296 (88.1%) 254
(75.6%)
Gender, n(%)
Male 182 (87.1%) 186 (89.0%) 159
(76.1%)
Female 112 (88.2%) 110 (86.6%) 95 (74.8%)
Age group, n(%)
infants and toddlers (0-3 years 225 (89.6%) 224 (89.2%) 198
of age) (78.9%)
Preschool children (4-6 years) 56 (84.8%) 55 (83.3%) 45 (68.2%)
School-age chlidren (7-11 13(684%) 17(89.5%) 11 (57.9%)

years)

The number and proportion of at least one positive viral or bacterial pathogen

are shown in the table.

*The viral-bacterial co-detection referred to simultaneous identification of viral

and bacterial pathogens.
AR, acute respiratory infection.

T
100

tNGS, which aligns with the 100% detection rate
observed using mNGS on 35 BALF samples from 32
patients [15]. Specifically, the viral detection rate of 87.8%
is consistent with the 91.9% reported by Graf et al. [16]
albeit lower than the 97.6% reported by Ogunbayo et al.
[10] and higher than the 43% reported by Thorburn et al.
[17]. Heterogeneity in reported detection rates may be
attributed to factors such as sampling techniques, sample
size, geographical location, and season.

In this study, HAdV, RV, HPIV, CMV, HBov, and RSV
were the most frequently detected pathogens in ARIs.
Among these, HPIV was identified as the predominant
pathogen in infants and toddlers, while HAdV was the
leading viral pathogen in preschool-age children. Con-
trastingly, EBV was most frequently detected in school-
age children, with RV being the second most common
across all age groups. EBV can intermittently be identi-
fied in the saliva of healthy individuals due to the contin-
uous shedding of the virus throughout the lifetime, which
remains asymptomatic or manifests with nonspecific
symptoms. However, primary EBV infection may results
in infectious mononucleosis (IM) during childhood or
adolescence when it infects an immune-naive individ-
ual. The typical clinical manifestations of IM encompass
pharyngitis, fever, and lymphadenopathy, which may
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Fig. 4 Distribution of potential pathogens in the study cohort of 94 patients and the respective contributions of tNGS and sputum culture for pathogen

detection. tNGS, targeted next generation sequencing

occasionally be associated with hepatic impairment, hep-
atosplenomegaly, and eyelid edema [18]. Moreover, CMV
was most frequently detected in infants and toddlers. It
has been reported that CMV may function as an immu-
nomodulator, enhancing the transmission and pathoge-
nicity of RSV among young children. Consequently, viral
ARIs are markedly more prevalent in CMV-infected chil-
dren [19]. Molecular subtyping of viral species is benefi-
cial for identifying genotypic markers of drug resistance
or pathogenicity. Our study using tNGS revealed several
key findings: (1) RSV-A was the predominant pathogen
among RSV-positive specimens [20], with RSV-B not
detected, possibly reflecting the prevalence of RSV-A in
the community; (2) 76.2% of HAdV infections belonged
to HAdV-B3 and more pathogenic species C, consistent
with previous reports from Huzhou, China, with HAdV-
B3 accounting for 75.00% and 63.64% of typed HAdV
infections in 2017 and 2019 [21]; (3) In contrast to RV-
genotyping results from north-east Brazil (73% RV-A,
27% RV-C, and 0% RV-B) [22] and a study on children
with community-acquired pneumonia in China during
2017-2019 (109 RV-A, 20 RV-B, and 80 RV-C) [23], our
study found that 55.1% RV infections belonged to RV-C,
with RV-A at 31.5% and RV-B at 3.4%; (4) HPIV-3 was
more prevalent subtype (67.9%), followed by HPIV-4
(25.0%) and HPIV-1 (7.1%), consistent with findings
from Beijing [24]; (5) HCoV-OC 43 was more prevalent
than HCoV-HKU 1, as previously reported by Ye et al.
[25]. Notably, the influenza virus was not detected in our

study. This could be attributed to the small sample size
and strict coronavirus disease 2019 (COVID-19) control
measures during the pandemic, including mask usage,
which likely reduced influenza transmission.

In this study, our aim was to investigate variations
in pathogen spectra across patients of different ages.
We observed a diverse age-related pattern of bacterial
detections. Numerous respiratory bacteria colonize the
healthy human respiratory tract, occasionally leading to
respiratory infections. Species such as S. pneumoniae,
S. maltophilia, S. intermedius, M. catarrhalis, H. influ-
enza, A. baumannii, S. anginosus, K. pneumoniae, and S.
aureus were frequently found in this cohort. Specifically,
S. pneumoniae, M. catarrhalis, and H. influenza find-
ings align with a previous study involving 226 asymp-
tomatic children across various settings [26]. Moreover,
S. pneumoniae was most prevalent in infants, toddlers,
and preschool-age children, whereas S. anginosus pre-
dominated in school-age children, consistent with age-
specific trends observed in a comprehensive 11-year
surveillance study [2]. S. maltophilia is typically regarded
as an opportunistic pathogen, primarily affecting immu-
nocompromised patients [27]. Similarly, S. intermedius is
predominantly associated with complex and severe infec-
tions rather than ARI in healthy pediatric populations
[28]. S. anginosus is associated with acute complicated
sinusitis and may lead to increased morbidity and com-
plications [29]. It has been reported that A. baumannii is
commonly associated with hospital-acquired infections
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[30]. H. influenzae and M. catarrhalis are more preva-
lent in children who develop ARIs and may be associ-
ated with an increased frequency or severity of ARIs
[31]. Furthermore, previous studies have demonstrated
that Moraxella constitutes the largest proportion of the
nasal microbiome in healthy children, potentially playing
a role in protecting them from COVID-19 infection, as
well as being involved in amino acid and lipid metabo-
lism [32]. In addition, the evidence for S. maltophilia,
S. intermedius, S. anginosus, and A. baumannii causing
ARIs in healthy children is limited, whereas H. influen-
zae and M. catarrhalis may play a more significant role in
ARIs. Commensal flora such as S. aureus, S. pneumoniae,
S. maltophilia, and A. baumannii typically colonize
the upper respiratory tract and can become pathogenic
under conditions of lowered immunity or other external
factors. Furthermore, a study comparing microbiologi-
cal detections between OPS and LRT samples from 103
patients using a syndromic PCR-based respiratory panel
indicated high positive and excellent negative percent
agreements for common community-acquired pneumo-
nia pathogens S. pneumoniae and H. influenzae between
OPS and LRT samples. This suggests that OPS could
serve as a convenient alternative to LRT samples [33].

In the study cohort of 94 patients who underwent con-
current sputum culture and Gram staining, tNGS iden-
tified a greater number of potential pathogens (11 vs. 7)
and demonstrated an enhanced detection rate compared
to sputum culture (100% vs. 53.2%). These findings high-
light the fact that a considerable portion of patients may
carry potential pathogens that remain undetected despite
having undergone sputum culture. Additionally, among
the 50 patients who tested positive for both tNGS and
sputum culture, a notable 80% exhibited either complete
or partial consistency between the two methods. This
evidence emphasizes the promising capabilities of tNGS
in these patients.

Nevertheless, when considering the clinical impact of
tNGS in treating ARIs, antibiotic adjustments were made
for 9.8% (33 out of 336) of patients. tNGS proves ben-
eficial, particularly for patients with unidentified patho-
gens like M. pneumoniae and those with mixed infection.
However, large-scale clinical studies are needed to fully
understand the role of tNGS in diagnosing and treating
ARIs.

The multiplex PCR technique enables the simultane-
ous detection of several to dozens of pathogens, with
a TAT of approximately 1.5 to 3 h, which is crucial for
clinical scenarios requiring rapid diagnosis and treat-
ment. Additionally, the technology of multiplex PCR is
relatively advanced, with a straightforward operational
process, and it imposes relatively low demands on labora-
tory equipment and personnel, facilitating its widespread
adoption and application in clinical laboratories [34, 35].
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Conversely, tNGS integrates ultra-multiplex PCR amplifi-
cation with high-throughput sequencing to concurrently
identify dozens to hundreds of known pathogenic micro-
organisms, along with their virulence and/or resistance
gene. The temporal efficiency of tNGS is constrained,
often requiring several hours to a full day, with signifi-
cant financial costs. Nonetheless, its capacity to identify
intricate and polymicrobial infections provides a notable
benefit in specific clinical contexts [36]. Multiplex PCR’s
detection is confined to known targets via pre-designed
primers, with sensitivity limited in samples with high
human background. In contrast, tNGS enhances sen-
sitivity through next-generation sequencing. Multiplex
PCR only identifies target presence or provides approxi-
mate quantification, lacking detailed sequence data such
as drug resistance mutations or single nucleotide poly-
morphisms. Its scalability is limited, as adding targets
necessitates primer redesign and reaction optimization.
Conversely, tNGS allows rapid detection scope expansion
through amplicon design, offering superior adaptability.
In conclusion, the two methods are not entirely mutually
exclusive. In practical applications, selections can be cus-
tomized to meet particular diagnostic needs and clinical
settings.

Unlike mNGS, which identifies all microorganisms
without bias, tNGS enhances detection sensitivity for
specific microorganisms but may miss casual pathogens
not included in the target panel. In clinical settings, it is
crucial to comprehensively understand and judiciously
select appropriate tNGS technologies. For different
infection sites, it is advisable to utilize tNGS panels that
cover the pertinent pathogen spectrum, such as those
for pulmonary or central nervous system infections. The
targeted pathogen spectrum should incorporate patho-
gens that are challenging to culture and rare pathogens
associated with the syndrome, while excluding micro-
organisms lacking clinical relevance for the specific
site. Furthermore, the primer sets and databases used
in tNGS should be regularly updated to accommodate
emerging pathogens, as exemplified by the SARS-CoV-2
pandemic in 2019. The application contexts of tNGS
should be distinctly differentiated and prioritized from
those of mNGS. For patients with non-severe conditions,
tNGS is recommended when conventional microbiologi-
cal assays fail to identify pathogens. Conversely, in cases
of critical illness or novel infectious diseases, nNGS may
be prioritized over tNGS [34, 35]. Taken together, the two
NGS methods provide complementary insights, thereby
enhancing the breadth of molecular diagnostics within
clinical laboratory settings.

Nonetheless, there are notable limitations. Firstly,
The absence of healthy control group and standard-
ized reference results for pathogenic diagnosis hindered
the assessment of sensitivity and specificity for tNGS,
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thereby impeding a comprehensive evaluation of its
diagnostic performance. Secondly, the small sample size
and short study duration may affect tNGS accuracy and
performance. Thirdly, distinguishing between micro-
bial colonization and infection is challenging due to the
lack of widely accepted quantitative cutofts for tNGS in
diagnosing causative pathogens. Fourthly, prior use of
antibiotics or antiviral drugs before sample collection
may impact pathogen detection rates with tNGS. Fifthly,
tNGS positive detections of pathogens do not establish
causal relationships, particularly for bacterial pathogens
where culture results from nasopharyngeal aspirates or
sputum may indicate colonization rather than invasive
infection. Conversely, evidence suggests a correlation
between bacterial colonization levels and future ARI
incidence [37]. Notably, a recent multicenter prospective
cohort study found nasopharyngeal reverse transcrip-
tase PCR detected the most abundant virus identified by
metagenomic next-generation RNA sequencing in 92.4%
of tracheal aspirates, suggesting nasopharyngeal samples
could serve as a viable substitute for critically ill pediatric
patients suspected of LRT infection [38].

In conclusion, our study underscores the clinical utility
of OPS for tNGS in diagnosing pathogens in ARIs. The
findings highlight the high sensitivity of tNGS in detect-
ing ARI pathogens and its ability to provide precise treat-
ment guidance for pediatric patients. Moreover, tNGS
shows promise for rapid and reliable monitoring of the
emergence and spread of respiratory tract pathogens.
These findings underscore the potential of tNGS in ARI
surveillance, diagnosis, pathogen detection, and preven-
tion. However, future research should include larger sam-
ple sizes and more prospective studies to further evaluate
these findings.
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