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Abstract 

Objective  The aim of this study was to evaluate the effectiveness of metagenomic next-generation sequencing 
(mNGS) for the diagnosis of Pneumocystis jirovecii Pneumonia (PCP) in critically pediatric patients.

Methods  Seventeen critically pediatric patients with PCP and sixty patients diagnosed with non-PCP pneumonia 
who were admitted in pediatric intensive care unit between June 2018 and July 2021 were enrolled. Conventional 
methods and mNGS for detecting Pneumocystis jirovecii (P. jirovecii) were compared. The patients’ demographics, 
comorbidities, laboratory test results, antibiotic treatment response and 30 day mortality were analyzed.

Result  The mNGS showed a satisfying diagnostic performance with a sensitivity of 100% in detecting P. jirovecii 
compared with Gomori methenamine silver staining (5.9%), serum (1,3)-β-D-glucan (86.7%) and and LDH (55.6%). The 
diagnostic specificity of mNGS for PCP was higher than that of serum BDG (56.7%) and LDH (71.4%). In PCP group, 
over one thirds’ cases had mixed infections. Compared with survivors, non-survivors had higher stringently mapped 
read numbers (SMRNs) in bronchoalveolar lavage fluid (BALF) sample (P < 0.05), suggesting SMRNs were closely asso-
ciated with the severity of response. The detection for P. jirovecii by mNGS both in BALF and blood samples reached 
a concordance rate of 100%, and the SMRNs in the BALF were remarkably higher than that in blood samples. Initial 
antimicrobial treatment was modified in 88.2% of PCP patients based on the mNGS results.

Conclusion  The mNGS is a potential and efficient technology in diagnosing PCP and shows a satisfying performance 
in the detection of co-pathogens. Both blood and BALF samples for mNGS are suggested for the presumptive diagno-
sis of PCP.
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Introduction
Pneumocystis jirovecii (P. jirovecii) is a common oppor-
tunistic infection which causes Pneumocystis jirovecii 
pneumonia (PCP) in immunocompromised population 
[1]. PCP is the important cause of death in hospitalized 
adults (13%) and children (29%) among HIV-infected 
people [2]. In recent years, there is an increasing inci-
dence of PCP related to non-HIV patients, such as 
underlying malignancy, post-organ transplantation, 
kwashiorkor, treatment-related immunosuppression 
and/or concomitant use of corticosteroids [3, 4]. In chil-
dren, the mortality of PCP with leukemia is 28–53%, and 
17–30% in children with AIDS [5, 6]. Without chemopro-
phylaxis, up to 25% of pediatric oncology patients receiv-
ing chemotherapy will develop PCP [7]. PCP is one of the 
most common infectious diseases that cause children to 
die [8].

The diagnosis of PCP requires a combination of clinical 
manifestations, radiological findings and microbiological 
tests [9–12]. All signs and symptoms of PCP are non-spe-
cific. When the immunosuppressive host clinically pre-
sents chills, dry cough, shortness of breath, weight loss 
and progressive dyspnea, the possibility of PCP should be 
given priority [13]. Notably, compared to children older 
than 6  months, clinical progression of PCP in the chil-
dren aged one to six months is slower [4]. The non-spe-
cific feature increases the complexity of PCP diagnosis in 
critically pediatric patients. Therefore, accurate and rapid 
diagnosis is essential for the prognosis of PCP patients.

Currently, the laboratory identifications of P. jirovecii 
contain classical morphology examinations and molecu-
lar methods [14]. P. jirovecii still cannot be reliably grown 
in  vitro [15]. According to the characteristic cysts and 
trophozoites found under the specific staining of bron-
choalveolar lavage fluid (BALF), induced sputum and 
other specimens, the microscopic examination of respir-
atory tract specimens can be used as the gold standard 
for the diagnosis of PCP. However, the sensitivity of rou-
tine staining is low, and its negative report is not enough 
to exclude the diagnosis of PCP [16]. Moreover, immuno-
fluorescence staining is not routinely performed in many 
hospitals. Recently, the polymerase chain reaction (PCR) 
method has been considered a promising technology for 
detecting P. jirovecii, which has an excellent sensitivity 
(94–99%) and specificity (89–93%), even in specimens 
with low pathogen load [17]. However, due to the limita-
tion of the genus-specific targeting regions primers, PCR 
methods still have difficulty in identifying mixed infec-
tions [18, 19].

Metagenomics next-generation sequencing (mNGS) is 
an unbiased pathogen detection and molecular technol-
ogy of nucleic acid sequencing with high-throughput in 
a single assay, which has been considered as a promising 

microbial identification technology in infectious diseases 
[20]. Recently, its diagnostic ability on detecting a wide 
range of pathogens has been highlighted in several stud-
ies [21, 22]. We once reported a case about rapid and 
precise diagnosis of pneumonia coinfected by P. jirovecii 
and Aspergillus fumigatus assisted by next-generation 
sequencing in a patient with systemic lupus erythemato-
sus [23]. However, the diagnostic performance of mNGS 
for PCP by BALF and blood specimens in non-HIV criti-
cally pediatric patients has rarely been reported.

In our study, we described the performance of mNGS 
of BALF and blood samples for detecting P. jirovecii in 
non-HIV critically pediatric patients.

Methods

Study participants
In this retrospective study, we consecutively enrolled 77 
pneumonia patients who were admitted to the pediatric 
intensive care unit (PICU) of The First Affiliated Hospi-
tal of Sun Yat-sen University, from June 1st, 2018 to July 
30th, 2021. According to the European Organization 
for Research and Treatment of Cancer and the Mycoses 
Study Group Education and Research Consortium 
(EORTC/MSGERC) consensus definitions of invasive 
fungal diseases (IFDs) [24], the patients were divided into 
an observation group (PCP proven and probable diag-
nosed group) and a control group (non-PCP group). The 
details were as follows: (1) non-HIV immunosuppressed 
hosts; (2) accompanied by fever or dry cough, shortness 
of breath; (3) Chest computed tomography (CT) showed 
multiple ground-glass interstitial exudation, reticulate or 
consolidated shadows in both lungs; (4) serum (1,3)-β-D-
glucan (Serum BDG) positive (> 60 pg/ml) twice; and (5) 
P. jirovecii trophozoites (and/or cysts) were microscopi-
cally identified following Gomori methenamine silver 
staining. Clinical diagnosis was made if the aforemen-
tioned items (1)–(4) were met, and confirmed diagnosis 
was made if items (1)–(5) were met. The clinical compre-
hensive diagnosis of PCP or non PCP was made by two 
senior expert pulmonary doctors (YJL and WT) after 
discussion with the medical team based on clinical symp-
toms, laboratory findings, chest radiology, microbiologi-
cal tests and treatment responses. Patients were excluded 
if they met any of the following criteria: (1) HIV infec-
tion; (2) mNGS was not performed; (3) age > 18 years old; 
(4) medical record was incomplete (Fig.  1). The study 
was approved by The First Affiliated Hospital of Sun Yat-
sen University and was in line with the Declaration of 
Helsinki.

Sample collection and etiological diagnosis
BALF was collected according to the guidelines [25]. 
After elimination of contraindications, all patients 
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underwent bronchoscopy under intravenous combined 
anesthesia or 2% lidocaine topical anesthesia. After the 
same amount of normal saline was injected into the 
affected bronchial segment in several times, BALF was 
aspirated under negative pressure for relevant tests.

At the same time, BALF mNGS and conventional 
methods were used to detect pathogens in all patients. 
BALF and peripheral blood specimens were simulta-
neously submitted for etiological examination. In this 
study, microbiologic tests for P. jirovecii included serum 
(1,3)-β-D-glucan (Serum BDG), lactate dehydrogenase 
(LDH), Gomori methenamine silver (GMS) staining 
and mNGS. Other etiological laboratory diagnosis also 
included traditional culture methods and antigen or anti-
body detections.

Sample processing and DNA extraction for mNGS
Volumes of 600  µL of each patient’s BALF was taken 
and mixed with lysozyme and glass beads. Then, 
the mixture was placed inside a vortex mixer’s hori-
zontal platform and stirred intensely for 30  min at 

2800–3200 rpm. For nucleic acid extraction from BALF, 
we transferred 200 µL of supernatant into a 2 mL cen-
trifuge tube. Volumes of 3–5  mL of patients’ blood 
were centrifuged at 3500  rpm for 10  min at 4  °C for 
plasma separation. For DNA extraction from blood, we 
transferred 200  µL of plasma into a 2  mL sterile tube. 
Then the IDseq TM Micro DNA kit (Vision medicals, 
VM002-50D, China) was used to extract DNA based on 
standard procedures [26].

Library preparation and sequencing construction
DNA libraries were builded via transposase-based 
methodology. After purification and size selection, the 
concentration of the library was measured by using a 
Qubit instrument before pooling. Pooled libraries were 
sequenced on an Illumina NextSeq 550 system using a 
75  bp, single-end sequencing kit. The qualified results 
had no fewer than 10 million reads obtained per sample 
and a Q30 score of 85% or greater. A negative control 

Fig. 1  Flowchart of case selection. A total of 77 pneumonia cases in PICU were selected for further analysis. PICU pediatric intensive care unit
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sample was processed and sequenced in parallel in each 
sequencing run for quality control [27].

Bioinformatic analysis
High-quality sequencing data were generated by remov-
ing low-quality and short (length < 35  bp) reads using 
fastp software [28]. Human host sequences were sub-
tracted by mapping to human reference genome 
sequences (National Center for Biotechnology Infor-
mation GRCh38 assembly) using the Burrows-Wheeler 
Aligner tool (BWA) [29]. After the removal of low-com-
plexity reads, the remaining data were classified by align-
ment to curated microbial genome databases for viruses, 
bacteria, fungi, and parasites. We developed a set of 
criteria similar to the National Center for Biotechnol-
ogy Information (NCBI) (https://​www.​ncbi.​nlm.​nih.​gov/​
genome/) criteria for selecting the representative assem-
bly for microorganisms. After each microorganism is 
quantified, it is important to remove the contamination 
from the reagents. To determine the list of background 
microorganisms, we classified microorganisms detected 
in at least 25% of the samples, including negative con-
trols. The quantitative value of the abundance of each 
microorganism and the total amount of nucleic acid were 
tested for correlation. When the quantitative value of the 
abundance of this microorganism was negatively corre-
lated with the total amount of nucleic acid in the sam-
ple, it was determined as the reagent-derived background 
organisms.Therefore, they were excluded from the report. 
The sequencing data list was analyzed in terms of strin-
gently mapped read number (SMRN, representing a spe-
cies specific sequence), genome coverage (%) and relative 
abundance (%).

Threshold criteria for interpretation of metagenomic 
analysis
The microbial list obtained from the above analysis pro-
cess was compared with an in-house background data-
base, which contains microorganisms appearing in more 
than 50% samples in the laboratory in the past three 
months. The suspected background microorganisms 
were removed from the microbial list. For different types 
of microbes, the thresholds were set as follows: (1) Extra-
cellular bacteria/fungus (excluding Cryptococcus)/para-
sites: SMRN ≥ 30, ranked among the top 10 for bacteria, 
fungi, or parasites. Organisms detected in the negative 
control group or that were present in ≥ 25% of samples 
from the previous 30 days were excluded but only if the 
detected SMRN was ≥ tenfold than that in the negative 
control group or other organisms. In addition, organisms 
present in ≥ 75% of samples from the previous 30  days 
were excluded. (2) Intracellular bacteria (excluding 

Mycobacterium tuberculosis and Brucella)/ Cryptococ-
cus: SMRN ≥ 10, ranked among the top 10 for bacte-
ria or fungi. Pathogens detected in the negative control 
group or that were present in≥ 25% of samples from the 
previous 30 days were excluded but only if the detected 
SMRN was ≥ tenfold than that in the negative control 
group or other organisms. (3) Virus/Brucella: SMRN ≥ 
3, Pathogens detected in the negative control group were 
excluded but only if the detected SMRN was ≥ tenfold 
than that in the negative control group. (4) Mycobacte-
rium tuberculosis: SMRN ≥ 1 [26, 30].

qPCR assay of P. jirovecii for validation experiment
The sequence of the primer pairs used is listed as follows: 
PjF (5′ -GCA​CGT​TGG​CCT​CGT​TTA​C-3′) and PjR (5′ 
-GAT​GAA​GCT​CAC​TTT​CCG​ATGAC-3′). The primers 
used in this qPCR assay target a 157  bp fragment. The 
qPCR assay was performed on Applied Biosystems 7500 
Fast PCR system. The final reaction volume of 25 µL con-
tained 12.5  µL of TaqMan Universal Master Mix (Invit-
rogenTM), MgCl2 (1.5  mL), 0.4  mM concentration of 
each primer (1 mL), 0.2 mM probe (0.5 mL) and 8.5 µL of 
extracted DNA. Thermal cycling conditions were as fol-
lows: preheating at 95 °C for 10 min, amplification of 45 
cycles including denaturation at 95 °C for 20 s, annealing 
and extension at 60 °C for 1 min. Positive, negative, and 
extraction controls were included in each run. The CT 
value for positive samples was recorded for each run.

Clinical data collection
Clinical parameters of each patient were acquired 
through review of electronic medical records. We 
recorded patient data regarding demographics, pediatric 
risk of mortality score (PRISM), pediatric critical illness 
score (PCIS), underlying diseases, the length of ICU stay, 
use of immunosuppressant, laboratory test results, anti-
biotic treatment response and 30 days mortality.

Statistical analysis
Statistical analysis was carried out by an online statis-
tics tool (http://​dxonl​ine.​deepw​ise.​com/) and Graphpad 
prism. Continuous variables were presented as medi-
ans and interquartile ranges and categorical variables 
as counts and percentages. The Wilcoxon Test  was used 
for comparing the differences of continuous variables 
between PCP and non-PCP group and the X2 test for cat-
egorical variables. Spearman correlation test was used for 
analyzing correlation between the stringently mapped 
read numbers (SMRNs) of P. jirovecii detected by mNGS 
and LDH, serum BDG levels, pediatric risk of mortality 
(PRISM) as well as pediatric critical illness score (PCIS). 
Sensitivity, specificity, likelihood ratio, Jouden index, posi-
tive predict value (PPV) and negative predict value (NPV) 

https://www.ncbi.nlm.nih.gov/genome/
https://www.ncbi.nlm.nih.gov/genome/
http://dxonline.deepwise.com/
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was calculated using the clinical composite diagnosis as 
the reference standard. Significance was fixed at P < 0.05.

Results
Clinical characteristics and laboratory findings
There were 77 patients with severe pneumonia in this 
study, including 17 patients with PCP and 60 without 
PCP. The median age (4.3 years vs. 3 years), sex compo-
sition, pediatric risk of mortality (PRISM) and pediatric 
critical illness score (PCIS) were similar between the PCP 
group and the non PCP group. Patients with PCP mainly 
had dyspnea (88.2%), fever (76.5%) and cough (41.2%). 
Obviously, the PCP group was more prone to dyspnea 
than the non-PCP group. Various immunosuppressive 
conditions occurred in both groups. Corticosteroid use 
(41.2%), hematological malignancies (41.3%), and solid 
tumors (41.4%) all ranked first in PCP patients.

Compared with the non-PCP group, ARDS, mechani-
cal ventilation and indwelling urinary catheter were 
more common in PCP. Days of mechanical ventilation in 
PCP group were longer. Peripheral blood lymphocyte, a 
median count of 0.34X109/L, was significantly lower in 
PCP patients. Serum BDG and LDH were significantly 
higher in PCP patients, respectively (P < 0.05). Ground-
glass opacity was significantly more frequent in PCP 
patients (P < 0.05). In 33 ARDS patients, 14 patients were 
diagnosed with PCP by mNGS (Table 1).

Performance comparison between mNGS and other 
diagnostic methods
The Ct value of P. jirovecii qPCR and mNGS sequenc-
ing results of 17 PCP cases in this study were listed in 
Table  2. Our result showed that the Ct value of all the 
cases with PCP detected by mNGS was less than 40, sug-
gesting that the detection of PCP by mNGS was reliable.

The diagnostic performance of serum BDG and mNGS 
were compared in 17 PCP patients in our study. As illus-
trated in Table  3, blood and/or BALF from all patients 
were conducted by mNGS. The sensitivity and specific-
ity of mNGS was 100% and 96.7%, which was remark-
ably higher than serum BDG (86.7% and 56.7%) and LDH 
(55.6% and 71.4%). The sensitivity of mNGS was higher 
than GMS staining (5.8%). We also found that PPV 
(89.5%) and NPV (100%) of the mNGS overtook that of 
serum BDG and LDH.

mNGS for detection of P. jirovecii in blood and/or BALF 
samples
In total, there were 12 BALF samples and 7 blood samples 
in the patients with PCP (Table 4). Compared with survi-
vors, non-survivors had higher read of SMRNs in BALF 
(P < 0.05). It is worth noting that the SMRNs in the BALF 

were significantly higher than that in blood samples 
(Fig. 2, 3232.00vs. 187.00, P = 0.022). Besides, the SMRNs 
of P. jirovecii detected by mNGS has a positive trend with 
serum BDG in blood (Fig. 3, R = 0.62, P > 0.05). Further-
more, we found non-survivors’ lengths of stay in PICU 
were longer, but PRISM and PCIS in non-survivors were 
similar with survivors (Table 5). There was no correlation 
between the SMRNs of P. jirovecii and PRISM, PCIS as 
well as LDH.

Mixed infections and/or co‑pathogens detected by mNGS
There are mixed infections and co-pathogens in 10 PJP 
patients identified by mNGS, including Acinetobac-
ter baumannii, Streptococcus pneumoniae, Aspergillus 
fumigatus, Pseudomonas aeruginosa, Escherichia coli, 
Transfusion-transmitted virus, Parvovirus  B19, Epstein-
barr virus and Cytomegalovirus (Fig. 4). The respiratory 
pathogen detection results of mNGS and conventional 
methods are shown in Additional file  2: Table  S1. The 
positive detection rate of various pathogens was higher 
using mNGS method than using conventional methods 
in both groups (Additional file  2: Table  S2). The con-
tents of pathogens in both groups by mNGS are shown 
in Additional file 2: Table S3. Only 41.2% of the observa-
tion group patients were with simple P. jirovecii infection 
while most manifested a mixed infection of P. jirovecii 
with viruses (29.4%), especially for CMV and parvovi-
rus B19 (Additional file 2: Table S4).

Impact of mNGS on PCP patients’ antimicrobial therapy
According to the mNGS, 88.2% of the PCP critically pedi-
atric patients modified their initial antimicrobial therapy. 
Trimethoprim-sulfamethoxazole was not received in 82.4% 
of patients until the report of mNGS results. There were 
47.0% of PCP patients removing antimicrobial agents, 23.5% 
reducing antimicrobial spectrum and 29.4% adding anti-
microbial agents (Table 6). Five cases diagnosed by mNGS 
were effectively treated with anti-PCP and discharged.

Discussion
PCP is a life-threatening opportunistic infection and an 
important cause of pneumonia in immunocompromised 
children [31, 32]. In fact, nowadays, PCP has a fair pro-
portion  in the non-HIV immunocompromised children. 
The rapid detection of pathogens by mNGS is conducive 
to the timely diagnosis and treatment of critically pedi-
atric patients [33–35]. In this retrospective study of 17 
PCP critically pediatric patients, the dominant underly-
ing conditions included hematologic malignancies, solid 
tumors, and rheumatic diseases. Similar with previous 
researches, leukomonocyte of PCP patients was reduced, 
while serum LDH and BDG were typically elevated com-
pared to the non-PCP patients. In addition, PCP patients 
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usually suffer from mixed infection, and the hospital 
mortality rate reaches 11.8%.

The mNGS technology has the advantages of unbiased 
sequencing by extracting total DNA or RNA (usually 
subsequently reverse transcribed to DNA), fragmen-
tation, library preparation and deep sequencing from 
original samples. As a new pathogenic gene detection 

and diagnosis technology, mNGS has the advantages of 
rapid, comprehensive and high sensitivity in the diagno-
sis of PCP. For patients with impaired immune function, 
the probability of mixed infections of multiple pathogens 
in the lungs is significantly increased. Using mNGS tech-
nology to detect pathogenic microorganisms in respira-
tory specimens of such patients can significantly improve 

Table 1  The basic clinical data of enrolled patients

IQR interquartile range, PRISM pediatric risk of mortality score, PCIS pediatric critical illness scoring, Serum BDG Serum (1,3)-β-D-glucan, CT computed tomography, 
LDH lactate dehydrogenase, CRP C-reactive protein, PCT procalcitonin, CRRT​ continuous renal replacement therapy, ARDS acute respiratory distress syndrome, LOS 
length of stay
* P < 0.05

Characteristics (median[IQR] or n[%] PCP patients (n = 17) Non-PCP patients (n = 60) P value

Age (years) 4.50 (3.00–7.00) 3.00 (1.00–8.00) 0.164

Male 11.00 (64.70%) 37.00 (61.70%) 0.891

PRISM 12.50 (10.00–15.00) 13.00 (10.00–17.50) 0.992

PCIS 82.00 (79.50–90.00) 87.00 (84.00–93.00) 0.100

Clinical symptoms

 Fever 13.00 (76.50%) 42.00 (71.20%) 0.903

 Cough 7.00 (41.20%) 17.00 (28.80%) 0.334

 Dyspnea 15.00 (88.20%) 16.00 (27.10%) 0.000*

Immunocompromised conditions

 Use of corticosteroids 7.00 (41.20%) 25.00 (42.40%) 0.930

 Use of immunosuppressive agents 1.00 (5.90%) 2.00 (3.40%) 1.000

 Hematologic malignancies 7.00 (41.20%) 23.00 (38.30%) 0.832

 Solid tumors 7.00 (41.20%) 19.00 (31.70%) 0.464

 Rheumatic diseases 2.00 (11.80%) 0.00 (0.00%) 0.067

Chest CT images

 Ground-glass opacity 10.00 (58.80%) 1.00 (1.90%) 0.000*

 Patchy shadowing 11.00 (64.70%) 36.00 (66.70%) 0.882

 Interstitial patterns 3.00 (17.60%) 25.00 (46.30%) 0.035*

 Pleural effusion 1.00 (5.90%) 13.00 (24.10%) 0.195

 Cystic changes 1.00 (5.90%) 0.00 (0.00%) 0.539

Indwelling gastric tube 15.00 (88.20%) 45.00 (76.30%) 0.466

Indwelling urinary catheter 14.00 (82.40%) 33.0 (55.90%) 0.048*

Indwelling vein catheter 15.00 (88.20%) 48.00 (81.40%) 0.766

Mechanical ventilation 16.00 (94.10%) 34.00 (57.60%) 0.005*

Days of mechanical ventilation 7.00 (5.00–8.50) 4.00 (0.00–9.00) 0.038*

Serum BDG (ng/L) 435.16 (152.21–600.00) 48.04 (37.50–153.90) 0.027*

LDH (U/L) 799.00 (566.00–921.00) 354.50 (236.25–712.50) 0.002*

CRP (mg/L) 57.32 (15.91–90.75) 41.13 (10.86–125.735) 0.601

PCT (ng/mL) 0.37 (0.22–0.52) 0.71 (0.27–7.06) 0.085

White blood cells (* 109/L) 4.20 (2.07–10.91) 6.39 (0.615–11.78) 0.971

Neutrophils (*109/L) 3.18 (1.15–8.66) 2.59 (0.115–7.598) 0.576

Lymphocytes (*109/L) 0.34 (0.1–0.86) 1.05 (0.36–3.65) 0.025*

CRRT​ 2.00 (11.80%) 5.00 (8.30%) 1.000

ARDS 14.00 (82.40%) 19.00 (31.70%) 0.000*

LOS in hospital 13.00 (9.00–16.00) 18.50 (9.75–40.25) 0.060

LOS in PICU 10.00 (8.00–14.00) 11.50 (7.75–20.00) 0.337

30 days-mortality 2.00 (11.80%) 10.00 (16.90%) 0.889
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the sensitivity (100%), specificity (96.3%) and time effi-
ciency of diagnosis [13]. In this study, mNGS also showed 
an outstanding sensitivity and specificity in diagnosing 
PCP, consistent with other studies [37–42].In addition, 
mNGS facilitates unbiased identification of mixed infec-
tions through a single experiment. Previous studies have 
shown that mixed infections are common in PCP [43]. 

Table 2  The Ct value of P. jirovecii qPCR and mNGS sequencing results of 17 cases in this study

Case No. Sample type Specific reads of mNGS results (n) Ct value

1 Blood Pneumocystis jirovecii (712) 33.63

2 Blood Pneumocystis jirovecii (27), Parvovirus B19 (121) 32.54

BALF Pneumocystis jirovecii (284), Acinetobacter baumannii (527) 32.54

3 BALF Pneumocystis jirovecii (7854) 31.13

4 BALF Pneumocystis jirovecii (1104) 24.48

5 BALF Pneumocystis jirovecii (367) 31.13

6 BALF Pneumocystis jirovecii (5029) 34.03

7 BALF Pneumocystis jirovecii (109,593), CMV (42), Aspergillus fumigatus (833), EB (18) 27.75

8 BALF Pneumocystis jirovecii (487) 35.39

9 BALF Pneumocystis jirovecii (9550), TTV (60), Staphylococcus epidermidis (18) 31.80

10 BALF Pneumocystis jirovecii (1435) 32.71

11 Blood Pneumocystis jirovecii (79), Streptococcus pneumoniae (27), Escherichia coli (53) 32.15

12 Blood Pneumocystis jirovecii (6), Pseudomonas aeruginosa (83), Acinetobacter baumannii (359) 35.25

13 BALF Pneumocystis jirovecii (871), parvovirus B19 (62) 33.12

Blood Pneumocystis jirovecii (187), Parvovirus B19 (161,506) 35.87

14 BALF Pneumocystis jirovecii (22,576), Streptococcus pneumoniae (168) 30.12

15 BALF Pneumocystis jirovecii (27,969) 28.00

16 Blood Pneumocystis jirovecii (3024) 34.78

17 Blood Pneumocystis jirovecii (1594), Corynebacterium matruchotii (106), CMV (72) 32.00

Table 3  Diagnostic performance of mNGS, GMS staining, serum LDH and BDG for PCP

GMS staining gomori methenamine silver staining, serum BDG serum (1,3)-β-D-glucan, LDH lactate dehydrogenase, serum BDG < 80 ng/L was defifined as positive, 
LDH < 618 U/Lwas defifined as positive, CI confifidence intervals, PPV positive predict value, NPV negative predict value

Methods PC group Non-PCP group Sensitivity Specificity PPV NPV

mNGS

 +  17 2 100.0% 96.7% 89.5% 100.0%

 −  0 58 (77.1–100.0) (87.5–99.4) (65.5–98.2) (92.3–100.0)

Serum BDG

 +  13 13 86.7% 56.7% 50.0% 89.5%

 −  2 17 (58.4–97.7) (37.7–74.0) (30.4–69.6) (65.5–98.2)

GMS

 +  1 0 5.9% 100.0% 100.0% 11.1%

 −  16 2 (0.3–30.8) (19.8–100) (5.5–100) (1.9–36.1)

LDH [30]

  ≥ 618 U/L 10 16 55.6% 71.4% 38.5% 83.3%

  < 618 U/L 8 40 (31.4–77.6) (57.6–82.3) (20.9–59.3) (69.2–92.0)

Table 4  mNGS for detection of P. jirovecii in blood and/or BALF 
Samples from PCP group

Specimen Patient nubmer Positive Negative

BALF only 10 10 0

Blood only 5 5 0

Both 2 2 0
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Coinfections of P. jirovecii are considered as index of poor 
prognosis [44]. In our study, about 59% of PCP patients 
had mixed infections, and the most common mixed 
infections were virus and bacteria. The detection rate of 
total and mixed pathogens was significantly higher than 
that of traditional pathogen detection. Notably, the coin-
fection of PCP with Parvovirus B19 is rarely reported. 
Parvovirus B19 is a small non-enveloped single-stranded 
DNA virus of the family Parvoviridae [47, 48]. Parvovirus 
B19 is pathogenic in human and causes a variety of clini-
cal illnesses, including haematological diseases [49, 50]. 
In this study, Parvovirus B19 was detected from a patient 
with T-lymphoblastic lymphoma. The other patient is 
with acute B lymphoblastic leukemia. Whether children 
with blood diseases are more likely to be infected with 
PCP and Parvovirus B19 requires more cases support. 
Moreover, with 100% of PPV, mNGS results showed that 
there were 50% ARDS patients infected by P. jirovecii, 

which suggested early application of mNGS was benefi-
cial to the rapid and proper diagnosis as well as precise 
treatment.

In our study, both blood and BALF samples were tested 
positive for P. jirovecii at the same time. It is widely 
reported that the pathogens from BALF were highly con-
sistent with that from blood samples detected by mNGS 
Among that, we found the SMRNs in the BALF samples 
were significantly higher than that in blood samples, 
which suggested BALF samples were easier to detect 
pathogens in pneumonia. Blood samples may be a good 
alternative to BALF when bronchoscopic examination 
was infeasible.

In the present study, compared with survivors, non-
survivors had higher reads of SMRNs in BALF. It is found 
that concurrent pathogen load correlates closely with the 
severity of sepsis and the survival rate of the ICU sep-
sis patients. It is reported that there was a positive cor-
relation between the SMRNs of P. jirovecii with serum 
BDG both in blood and BALF samples. In other words, 
SMRNs may play a role in the severity of response. There 
was no correlation between the SMRNs of P. jirovecii and 
PRISM, PCIS, LDH as well as serum BDG in the present 
study. It is reported that the abundance of P. jirovecii in 
the blood of children is correlated with white blood cell 
counts and immune status [54]. It suggested that the 
SMRNs of P. jirovecii may be related to basal status of the 
patient. given that the sample size of our study was small, 
so that the correlation with SMRNs needs further study.
Given that the sample size of our study was small, so that 
the correlation with SMRNs needs further study.

The unbiased broad-spectrum detection of mNGS 
could further provide guidance for valuable antimi-
crobial therapy. Based on the mNGS, 88.2% of the PCP 
critically pediatric patients modified their initial anti-
microbial therapy and simplified the use of antibiotics. 

Fig. 2  Comparison of the SMRNs of P. jirovecii detected by mNGS 
between BALF samples and blood samples

Fig. 3  Correlation between the SMRNs of P. jirovecii detected by mNGS and serum LDH levels as well as serum BDG level



Page 9 of 12Chen et al. Ann Clin Microbiol Antimicrob            (2023) 22:6 	

Trimethoprim-sulfamethoxazole was not received in 
82.4% of patients until the report of mNGS results. Our 
data and previous studies showed that mNGS was excel-
lent for the early and precise treatment of PCP. However, 
blind treatment based on mNGS alone is inappropriate, 
since mNGS technology cannot distinguish pathogens 
between colonization and infection. At the same time, 
due to its high sensitivity, false positive results may occur, 
while incomplete wall breaking may lead to false negative 
results. To our acknowledge, the occurrence and progress 
of infectious diseases involve the immune response of 
pathogens and hosts. Host response based detection has 
become an effective auxiliary means of traditional patho-
gen detection, which may improve the accuracy and effi-
ciency of diagnosis. The combined application of host 
based detection and pathogen based detection is a new 
field worth exploring.

There were several limitations in this study. First of all, 
this study did not compare diagnostic performances of 

mNGS with PCR because PCR was not carried out rou-
tinely in our laboratory, which would be further explored 
in future work. Second, it was a retrospective and sin-
gle-center research. In addition, the sample size of this 
study was small and bias was unavoidable. The diagnostic 
advantages of mNGS are obvious. Building a PCP diag-
nostic model based on mNGS and combining the char-
acteristics of biomarkers of pathogen and host immune 
response will have important clinical value and potential 
application prospects, and will make precision treatment 
possible.

Conclusion
The mNGS technology is an efficient and useful diag-
nostic technology for PCP in critically pediatric patients. 
Both blood and BALF samples for mNGS are recom-
mended for the presumptive diagnosis of PCP. SMRNs 
may be relevant  to the prognosis, which needs further 
investigation.

Table 5  The wilcoxon test and the chi-square test analysis of risk factors for 30-days mortality

IQR interquartile range, PRISM pediatric risk of mortality score, PCIS pediatric critical illness scoring, Serum BDG serum (1,3)-β-D-glucan, LDH lactate dehydrogenase, 
CRP C-reactive protein, PCT procalcitonin, CRRT​ continuous renal replacement therapy, ARDS acute respiratory distress syndrome, LOS length of stay
* P < 0.05

Characteristics (median[IQR] or n[%] Non-survivors (n = 2) Survivors (n = 15) P value

Age (years) 9.50 (7.25–11.75) 4.00 (3.00–7.00) 0.204

Male 0.00 (0.00%) 11.00 (73.30%) 0.110

PRISM 13.50 (12.75–14.25) 12.50 (10.00–15.00) 0.808

PCIS 83.00 (78.50–87.50) 82.00 (80.00–89.50) 1.000

Immunocompromised conditions

 Use of corticosteroids 1.00 (50.00%) 6.00 (40.00%) 1.000

 Use of immunosuppressive agents 1.00 (50.00%) 0.00 (0.00%) 0.118

 Hematologic malignancies 1.00 (50.00%) 6.00 (40.00%) 1.000

 Solid tumors 1.00 (50.00%) 6.00 (40.00%) 1.000

 Rheumatic diseases 0.00 (0.00%) 2.00 (13.30%) 1.000

 Indwelling gastric tube 1.00 (50.00%) 14.00 (93.30%) 0.228

 Indwelling urinary catheter 1.00 (50.00%) 13.00 (86.70%) 0.331

 Indwelling vein catheter 2.00 (100.00%) 13.00 (86.70%) 1.000

 LDH (U/L) 905.50 (901.75–909.25) 630.00 (547.00–968.50) 0.618

 CRP (mg/L) 119.11 (67.51–170.70) 57.32 (21.04–82.19) 0.824

 PCT (ng/ml) 1.05 (0.58–1.53) 0.37 (0.23–0.49) 1.000

 White blood cells (X 109/L) 8.13 (6.07–10.18) 4.20 (1.84–10.64) 0.529

 Neutrophils (X 109/L) 6.04 (3.45–8.64) 3.18 (1.25–7.46) 0.824

 Lymphocytes (X 109/L) 0.56 (0.42–0.70) 0.34 (0.09–1.17) 0.824

 SMRNs in BALF 68,781.00 (48,375.00–89,187.00) 1269.50 (583.00–7147.75) 0.030*

 ARDS 14.0 (82.4%) 12 (80.0%) 1.000

 Mechanical ventilation 2.00 (100.00%) 14.00 (93.30%) 1.000

 Days of mechanical ventilation 9.50 (8.25–10.75) 7.00 (5.00–8.00) 0.471

 LOS 16.00 (15.50–16.50) 13.00 (8.50–15.50) 0.296

 LOS in PICU 16.00 (15.50–16.50) 10.00 (7.00–13.00) 0.050*
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