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ORIGINAL ARTICLE

Respiratory Microbiome Profile of Pediatric 
Pulmonary Hypertension Patients Associated 
With Congenital Heart Disease
Ting Wang,* Yue Xing ,* Bingming Peng, Kai Yang , Chenting Zhang, Yuqin Chen, Gang Geng, Qubei Li, Jian Fu, Mi Li,  
Zhengxiu Luo, Zhou Fu, Jian Wang

BACKGROUND: Pulmonary hypertension (PH) associated with congenital heart disease (CHD) is the most common type of PH 
in pediatric patients. The airway microbiome profile in CHD-PH patients remains rarely studied.

METHODS: A total of 158 children were recruited for collection of oropharyngeal swabs to sequence the 16S ribosomal 
RNA (16S rRNA) V3-V4 region of respiratory microbiome, to establish a correlation between these bacterial groups and 
echocardiography indicators in CHD-PH patients.

RESULTS: Bacterial α- and β-diversity of the airway microbiome indicated a significantly lower richness in the CHD-PH group 
and compositional differences associated with the specific taxa and their relative abundances in the upper respiratory tract. 
Principal coordinate analysis showed that the pharynx microbiota composition in the CHD-PH group varied from that in the 
CHD or control group. The linear discriminant analysis effect size also highlighted an increased presence of Streptococcus 
and Rothia in pediatric CHD-PH patients. Comparison of microbial composition between pediatric and adult PH patients 
showed significant differences and separation of microbiota. The correlation between bacterial abundance and transthoracic 
echocardiography indexes in CHD-associated PH indicated that different groups of microbiomes may be related to different 
PH grades.

CONCLUSIONS: In summary, our study reported the systematic definition and divergent profile of the upper respiratory tract 
microbiota in pediatric PH patients, CHD and reference subjects, as well as between pediatric and adult PH patients. 
(Hypertension. 2023;80:214–226. DOI: 10.1161/HYPERTENSIONAHA.122.19182.) • Supplemental Material
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Pulmonary hypertension (PH) is a clinical syndrome 
caused by a variety of etiologies, sharing similar 
pathologic characteristics of increased pulmonary 

arterial resistance and vascular remodeling.1 It is defined 
by cardiac catheterization as the mean pulmonary arte-
rial pressure >20 mmHg at rest in children, as the same 
in adults.2,3 The most common type of PH diagnosed 
in pediatrics is PH associated with congenital heart 

disease (CHD).3 CHD includes numerous kinds of birth 
anomalies of cardiovascular system and imposes sig-
nificant impact on airway and pulmonary parenchymal 
function, which predisposes patients to the develop-
ment of pulmonary complications. It has been estimated 
that ≈ 10% of children with CHD will eventually develop 
PH,4 which is the result of a left-to-right shunt in most 
cases, with a 5-year survival reported to be 71%.5 Early 
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identification and intervention of PH-associated CHD 
(CHD-PH) are desirable to achieve better clinical man-
agement of these patients.

Accumulating evidence has shown that the microbi-
ome plays a crucial role in the maintenance of immune 
health, homeostasis, and the development of multisystem 
diseases.6 Imbalance of microbial communities, also called 
dysbiosis, has been suggested as a potential contributor 
to pediatric lung diseases,7 as well as cardiovascular and 
respiratory diseases such as systemic arterial hypertension, 
heart failure, asthma, and pulmonary hypertension.8–10 A 
report showed that pediatric patients with CHD displayed 
significant gut dysbiosis and gut barrier dysfunction, which 
is worsened by cardiopulmonary bypass during surgery via 
increased proinflammatory bacteria, suggesting that the 
intestinal tract could mediate the migration from resident 
microbes to the microvasculature.11 Interestingly, previ-
ous studies on patients or experimental animal models 
with PH have linked the altered host microbiota composi-
tion, at either the gastrointestinal tract8,12,13 or respiratory 
tract,14 to the development of pulmonary hypertension. We 
have previously described a distinct profile of the respira-
tory microbiome in patients with pulmonary hypertension 
versus donor controls, finding that a higher proportion of 
specific genera of Streptococcus, Lautropia, and Ralstonia 
distinguishes patients with PH.14 This evidence strongly 
indicates that PH is a systemic disease that might be influ-
enced by the host-microbiota interaction.

Dysbiosis is thought to play a pivotal role in develop-
ment in both animals and humans. As a main component 
of the microbial community, the respiratory microbiota 
is also considered relevant in the morphogenesis of 

alveoli, lung development, barrier functions, and pulmo-
nary vessels.15–18 Gut dysbiosis has been identified in 
patients with CHD. However, there is a paucity of pro-
files identifying CHD-PH-specific changes in respiratory 
microbial communities. In this study, we hypothesize that 
the respiratory microbiota could be associated with the 
development of PH in children. Herein, we focused on a 
comprehensive comparison of the microbial composition 
among pediatric CHD and CHD-PH patients and con-
trols, as well as between pediatric and adult PH patients, 
aiming to provide novel insights into the relationship 
between the host microbiome and PH pathogenesis in 
both pediatric and adult populations.

METHODS
Data Availability
The 16S rRNA Sequence data associated with this project are 
available from the NCBI Sequence Read Archive (SRA) data-
base with accession number PRJNA893086.

Recruitment of Pediatric Participants
A total of 158 participants aged under 14 years old were enrolled 
in this study, including 69 patients with an initial diagnosis of 
CHD-PH, 54 patients with CHD, and 35 reference subjects. The 
detailed baseline characteristics are listed in the Table 1. CHD 
patients with left-to-right shunt were diagnosed by transthoracic 
echocardiography (TTE), which was performed by an experienced 
sonographer. PH was defined as pulmonary artery systolic pres-
sure (PASP) >35 mmHg.19 PASP was estimated by Doppler TTE 
calculating the right ventricular to right atrial pressure gradient 
during systole. The simplified Bernoulli equation is used to assess 
velocity within the tricuspid regurgitation jet (PASP=4×[tricuspid 
regurgitation]2+mean right atrial pressure).20,21 Meanwhile, 35 
healthy children with no respiratory symptoms, abnormalities on 
chest X-ray, or known lung diseases were recruited. Subjects who 
met any of the following criteria were excluded: (1) right-to-left 
shunt CHD and congenital cardiopulmonary vascular malforma-
tion; (2) any surgery history before diagnosis with CHD; (3) use 
of oral/nasal corticosteroids or antibiotics within 4 weeks before 
enrollment; (4) premature birth and test tube birth; (5) use of 

Nonstandard Abbreviations and Acronyms

CHD	 congenital heart disease
PASP	 pulmonary artery systolic pressure
PH	 pulmonary hypertension
TTE	 transthoracic echocardiography

NOVELTY AND RELEVANCE

What Is New?
The congenital heart disease-pulmonary hyperten-
sion (PH) microbiome was associated with remarkably 
reduced bacterial diversity and alterations in taxonomic 
composition. The enrichment of several genera in the 
upper respiratory tract was linked to PH severity.

What Is Relevant?
Changes in upper airway bacterial populations may influ-
ence the cardiovascular structure, which leads to changes 

in transthoracic echocardiography parameters in pediat-
ric congenital heart disease-PH patients.

Clinical/Pathophysiological Implications?
The respiratory microbiome is significantly associated 
with the progression of PH in the development of con-
genital heart disease, and the distinctive signature of 
respiratory microbiome may be useful as a noninvasive 
and adjuvant biomarker to evaluate PH in congenital 
heart disease.
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immunosuppressive medications; (6) oral or pulmonary infection 
4 weeks before enrollment; and (7) known diseases associated 
with pulmonary hypertension, including autoimmune disease, liver 
and renal diseases, and hematologic disorders.

The study was approved by the ethics committee of 
Children’s Hospital Affiliated to Chongqing Medical University 
and performed according to the Declaration of Helsinki. All par-
ents or legal guardians of pediatric participants provided writ-
ten informed consent.

Collection of Oropharyngeal Swabs
Oropharyngeal swabs were collected on the same day as TTE 
was performed for patients by inserting the sterilized cotton 
swabs toward the pharynx, and then the swabs were rotated 
at least 3× on the back wall of the pharynx for 5 seconds, 

avoiding contact with the tongue, buccal mucosa, and saliva 
swab. Then, the head swab was immediately cut off and placed 
into a sterilized cryopreservation tube. The specimens were 
stored at −80 °C for further processing within 2 weeks.

DNA Extraction and Sequencing of 16S rRNA
Swabs were collected in a sterilized cryopreservation tube, 
snap-frozen in liquid nitrogen, and stored at −80 °C. Microbial 
DNA was extracted using a DNA isolation kit following the man-
ufacturer’s instructions (Qiagen, Redwood City, CA) and quanti-
fied for concentration by 1.0% agarose gel electrophoresis and 
a NanoDrop ND-2000 spectrophotometer (Thermo Scientific, 
Inc). Then, PCR amplification was performed on an ABI GeneAmp 
9700 PCR thermocycler (ABI, CA, United States) using the 
hypervariable region V3-V4 of the bacterial 16S rRNA gene 

Table 1.  Personal and TTE Features of Participants

Descriptive measurements CHD-PH (n=69) CHD (n=54) Control (n=35) P Value 

Sex, male (%) 30 (43.5%) 24 (44.4%) 22 (57.9%) 0.476

Age, mo; median (IQR) 12.0 (6.0–30.5) 17.0 (5.0–35.0) 16.5 (6.0–33.8) 0.846

Diagnosis 0.002

  ASD 13 (18.8%) 17 (31.5%)   

  VSD 18 (26.1%) 21 (38.9%)   

  PDA 7 (10.1%) 9 (16.7%)   

  ASD+VSD 20 (29.0%) 4 (7.4%)   

  ASD+PDA 5 (7.2%) 1 (1.8%)   

  VSD+PDA 4 (5.8%) 2 (3.7%)   

  ASD+VSD+PDA 1 (1.5%) 0   

  Scimitar syndrome 1 (1.5%) 0   

Delivery mode 0.88

  Spontaneous labor 31 (45%) 25 (46.3%)   

  Cesarean section 38 (55%) 29 (53.7%)   

TTE variables

  LA (long axis, mm) 19.45±4.37    

  LVD, mm 32.92±6.57    

  LVS, mm 20.67±4.22    

  AO, mm 14.53±2.92    

  DAO, mm 1.34±0.46    

  AV, cm2 1.14±0.39    

  TV, cm2 0.79±0.17    

  MV, cm2 1.19±0.28    

  PV, cm2 1.38±0.42    

  MPAD, mm 18.36±3.66    

  EF 0.68±0.05 0.68±0.04  0.811

  FS 0.37±0.04 0.37±0.03  0.831

  IRT, ms 56.71±8.77 58.90±7.74  0.159

  RV (long axis, mm) 13.63±2.84    

  RVOT, mm 16.98±3.20    

  PAP, mmHg 62.45±17.84    

Values are median (interquartile range) or n (%) or mean±SD. Data were compared using the χ2 test, or Student t test. ASD indicates 
atrial septal defect; DAO, descending aorta diameter; EF, ejection fraction; FS, fractional shortening; IQR, interquartile range; IRT, isovolumic 
relaxation phase; LA, left atrium; LVD, left ventricular end-diastolic; LVS, left ventricular end-systolic; MPAD, main pulmonary artery; MV, 
mitral valve area; PAP, pulmonary artery pressure; PDA, patent ductus arteriosus; RV, right ventricular; RVOT, right ventricular outflow tract; 
TV, tricuspid valve area; TTE, transthoracic echocardiography; and VSD, ventricle septal defect.
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with primer pairs 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) 
and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). The amplifi-
cation protocol was as follows: predenaturation at 95 °C for 3 
minutes, followed by 29 cycles of 30 s at 95 °C, 30 s at 53 °C, 
and extension at 72 °C for 45 s, with a final 10 min at 72 °C and 
stabilization at 4 °C. The PCR product was purified using the 
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union 
City, CA) to remove the nonspecific products and quantified 
using a Quantus Fluorometer (Promega). Purified 16S rRNA 
amplicons were pooled in equimolar amounts and paired-end 
sequenced on an Illumina MiSeq PE300 platform (Illumina, San 
Diego) according to the standard protocols by Majorbio Bio-
Pharm Technology Co. Ltd. (Shanghai, China).

Respiratory Microbiome Data Availability of 
Adult PH Patients
Oropharyngeal swab samples of adult PH patients were previ-
ously collected by our previous study.14 The composition and 
characteristics of the airway microbiome in adult PH patients 
were previously described.14

Analysis of Respiratory Microbiome Sequencing 
Data
Raw FASTQ files were de-multiplexed using an in-house perl 
script, and then quality-filtered by fastp version 0.19.622 and 
merged by FLASH version 1.2.7.23 The sequences were filtered 
and clustered into operational taxonomic units using UPARSE 7.1 
with 97% similarity. The taxonomy of each operational taxonomic 
unit representative sequence was analyzed by RDP Classifier 
version 2.2 against the 16S rRNA gene database (Silva v138, 
http://www.arb-silva.de) using confidence threshold of 70%.

Statistical Analysis
Based on the operational taxonomic units, the α-diversity was 
measured with the Chao, Ace, Sobs, Shannon, Simpson, and 
Invsimpson indexes. The results were displayed in Mothur soft-
ware (version v.1.30.1). To compare the bacterial richness and 
diversity across samples, the β-diversity was estimated by com-
puting the Bray-Curtis and visualized using principal coordi-
nate analysis, and the results were plotted using Vegan v2.5-3 
package. The linear discriminant analysis effect size (http://
huttenhower.sph.harvard.edu/LEfSe) was performed to identify 
the significantly abundant taxa of bacteria among the different 
groups, and linear discriminant analysis scores > 3.0 (P<0.05) 
are displayed for taxonomy. The variance inflation factor (VIF) 
for each TTE variable was estimated using the vif function in 
the car package (https://cran.r-project.org/web/packages/
car/car.pdf) to eliminate multicollinearity problem among the 
TTE parameters. Correlations between the microbiota and TTE 
parameters were established using Pearson correlation analy-
sis. An OUT subset based on the key associated genera from 
linear discriminant analysis effect size in the respective groups 
was established. Receiver operating characteristic curve was 
conducted to evaluate the discriminatory ability of the OUT 
subset, and area under curve was calculated using plotROC R 
package. The functional profiles from the 16S rRNA sequence 
were predicted by Phylogenetic Investigation of Communities 
in the form of III Kyoto Encyclopedia of Genes and Genomes 
database pathway, which was visualized by STAMP software. 

Comparisons between 2 groups were evaluated by student’s t 
test or wilcoxon rank-sum test follow by Benjamini-Hochberg 
false discovery rate (FDR) correction. Comparisons among 3 
groups were evaluated by 1-way ANOVA followed by Tukey 
multiple comparison test. The χ2 test was used for categorical 
data. The data were graphically plotted using GraphPad Prism 
8.0. P<0.05 was considered statistically significant.

RESULTS
Characteristics of Participants
According to the inclusion and exclusion criteria, oropha-
ryngeal swab samples were collected from 54 patients 
with CHD, 69 patients with CHD-PH, and 35 healthy 
subjects. As seen in Table 1, there were no significant 
differences in sex or delivery mode among the CHD, 
CHD-PH and control groups. The age and diagnosis dif-
fered between CHD and CHD-PH patients.

Dysbiosis of the Airway Microbiome in CHD 
Patients With or Without PH
Sequencing of 16S rRNA amplicon libraries generated 
using microbial DNA resulted in a total of 8.04 million 
high-quality sequences and a mean of 49 955±17 190 
sequences per sample. As shown in Figure 1A and 1B, 
CHD showed no significant difference of community diver-
sity compared with the control. The Ace, Chao, and Sobs 
indexes revealed that community richness was significantly 
decreased in CHD-PH patients compared with CHD 
patients and control group. Meanwhile, significantly lower 
Shannon indexes and increased Simpson indexes in the 
CHD-PH group, which collectively indicating a decreased 
community evenness, displayed a strong decrease in 
α-diversity (Figure  1B). The Invsimpson index slightly 
decreased in the CHD-PH group with no significance.

To analyze the β-diversity, we performed principal 
coordinate analysis and partial least squares discrimi-
nant analysis. Principal coordinate analysis based on the 
Bray-Curtis dissimilarity showed a significant difference 
with respect to the overall phylogenetic distance of air-
way microbiome composition among the CHD, CHD-PH, 
and control groups (Figure 1C, PERMANOVA, P<0.05). 
Similarly, partial least squares discriminant analysis rep-
resented a distinct microbiome profile of the 3 groups 
(Figure 1D). Overall, the structures of the bacterial com-
munities of the 3 groups were significantly different, and 
samples could be grouped according to the categories.

Landscape of Microbiota Composition in the 
Upper Respiratory Tract in Health and Disease
The differentially enriched bacterial taxa of each 
cohort are shown in Figure S1A. In the CHD-PH 
group, the analysis at the phylum level showed that 
Firmicutes was the most abundant phylum, followed 

http://www.arb-silva.de
http://huttenhower.sph.harvard.edu/LEfSe@line 2@
http://huttenhower.sph.harvard.edu/LEfSe@line 2@
https://cran.r-project.org/web/packages/car/car.pdf@line 2@
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Figure 1. Microbial α-diversity and β-diversity in patients with congenital heart disease (CHD) or pulmonary hypertension (PH) 
associated with CHD-PH, as well as pediatric reference subjects (pediatric-control).
The α-diversity was analyzed by the Ace (A) Ace, Chao, Sobs, (B) Shannon, Simpson, and Invsimpson indexes. The β-diversity was shown 
by principal coordinate analysis (PCoA) (C) based on Bray-Curtis Dissimilarity index (PERMANOVA, R=0.0473, P=0.005) and partial 
least squares discriminant analyses (PLS-DA) (D). Data are shown as the mean±SEM and analyzed by 1-way ANOVA with Tukey multiple 
comparison test. *P<0.05 vs control group; #P<0.05 vs CHD group.
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by Actinobacteriota, Bacteroidta, Proteobacteria, Fuso-
bacteria, and Patescibacteria (Figure 2A). The 6 phyla 
with the richest abundance were shown in Figure 2B. 
The proportions of Patescibacteria and Fusobacteria 
were significantly decreased in the CHD-PH groups 
compared with the CHD and control group (Figure 2B). 
At family level, CHD-PH patients were characterized 
by a lower relative abundance of Veillonellaceae and 
Actinomycetaceae, and a higher relative abundance of 
Micrococcaceae (Figure  2C and 2D). The microbiota 
composition at genus level was represented in Fig-
ure 2E. The proportion of Streptococcus and Rothia was 
statistically larger, while Veillonella and Actinomyces 
were statistically smaller in the CHD-PH group than in 
the control group (Figure 2F).

Specific Upper Airway Microbiota in CHD-PH 
Varies Between CHD and Control Groups
The differences of the bacterial composition among 
the 3 groups were compared and analyzed respectively. 
The differentially abundant microbiota at the phylum 
and genus levels in CHD-PH versus control (Figure 3A and 
3B), CHD versus control (Figure S1B and S1C) and 
among the 3 groups (Figure S2) were shown. Similarly, 
the proportions of Streptococcus and Veillonella in CHD 
and CHD-PH patients were different from those in the 
control group. The greatest differences in upper respira-
tory microbiota taxa between the CHD-PH and control 
groups were analyzed by a linear discriminant analysis 
effect size algorithm (linear discriminant analysis score 

Figure 2. Relative abundance of upper 
airway microbiota in the congenital 
heart disease (CHD) group, CHD-
pulmonary hypertension (PH) group, 
and pediatric controls.
Microbial composition bars at the (A) phylum 
level, (C) family level, and (E) genus level in 
the upper airway microbiota in the 3 groups. 
The abundance and differences in the top 
6 (B) phyla, (D) families, and (F) genera 
are also presented. Those with a relative 
abundance <1% were classified as others. 
Data are shown as mean±SEM and analyzed 
by 1-way ANOVA with Tukey multiple 
comparison test. *P<0.05 vs control group; 
#P<0.05 vs CHD group.

https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.122.19182
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[log10] >3), identifying Streptococcus and Rothia as 
the most enriched in CHD-PH patients (Figure 3C). An 
OUT subset based on the associated genera identified 
by linear discriminant analysis effect size was estab-
lished, which was assessed through receiver operating 
characteristic curve analysis showing an area under the 
parametric curve value of 0.77 ([95% CI, 0.66–0.87]; 
Figure  3D). While the associated genera identified by 
CHD versus control group had an area under the para-
metric curve value of 0.61 ([95% CI, 0.49–0.73]; Figure 
S1D and S1E).

When compared with CHD patients, those patients 
with PH also displayed a relative difference of distinct 
microbiota. At the phylum level, CHD-PH showed a 
decrease in Proteobacteria, Fusobacteriota, Patescibac-
teria, and Cyanobacteria (Figure 3E). At genus level, the 
proportions of Actinomyces, Haemophilus, Granulicatella, 
Leptotrichia, Gemella, Rhodococcus, Alloprevotella, and 

TM7x were significantly smaller in PH (Figure 3F), while 
Rothia and Neisseria were significantly enriched in CHD-
PH (Figure 3G). Receiver operating characteristic curve 
analysis based on enriched genera in CHD versus CHD-
PH showed an area under the parametric curve value of 
0.71 ([95% CI, 0.62–0.8]; Figure 3H).

Comparison of Microbial Composition Between 
Children and Adult PH Patients
Comparison of the upper respiratory microbiome of pedi-
atric CHD-PH patients with that of adult PH patients 
also demonstrated a thoroughly different microbial com-
munity between children and adult in both healthy indi-
viduals and PH patients. At phylum level, Firmicutes and 
Actinobacteriota exhibited a dominant increase in pediat-
ric PH patients than in adults (Figure 4A), and the genus 
Streptococcus was much more abundant in pediatric 

Figure 3. Characterized airway 
microbiome distinguished congenital 
heart disease (CHD)-pulmonary 
hypertension (PH) from CHD and 
healthy controls.
Comparison of the relative abundance of 
upper airway microbiota between CHD-PH 
and control group at (A) phylum and (B) 
genus level. Data are analyzed by wilcoxon 
rank-sum test with Benjamini-Hochberg 
false discovery rate multiple test correction. 
C, Linear discriminant analysis (LDA) effect 
size (LefSe, LDA score ≥3) showing the 
most discriminant microbial genera between 
the CHD-PH and control groups. D, 
Prediction of distinct genera for CHD-PH 
from the control group. Receiver operating 
characteristic (ROC) curve for Streptococcus 
+ Rothia, AUC=0.77 (95% CI, 0.66–0.87). 
Comparison of the relative abundance of 
upper airway microbiota between CHD-PH 
and CHD at (E) phylum and (F) genus level. 
Data are analyzed by wilcoxon rank-sum test 
with Benjamini-Hochberg false discovery 
rate. G, LefSe analysis between CHD-
PH and CHD. H, Prediction of distinct 
genera for CHD-PH from CHD. ROC for 
Neisseria+Rothia, AUC=0.71 (95% CI, 
0.62–0.8). Prefix: f_ family, and g_ genus. 
*P<0.05, **P<0.01, and ***P<0.001.

https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.122.19182@line 2@
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Figure 4. Alterations in upper airway microbiota between adults and pediatric patients with pulmonary hypertension (PH).
A, Composition bar at the phylum level of the adult PH, adult healthy control, congenital heart disease (CHD)-PH, and pediatric control groups. 
B, PCoA (PERMANOVA, R=0.3394, P=0.001) and (C) PLS-DA were performed to compare the grouped microbiome profiles between the 
adult and pediatric patients with PH. D, The comparison of relative levels of upper airway microbiota between the adults and pediatric patients 
with PH at the genus level. Data are analyzed by wilcoxon rank-sum test with Benjamini-Hochberg false discovery rate. *P<0.05 and ***P<0.001.
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patients than in adults (Figure S3). Bacteroidota, Actino-
bacteriota, Fusobacteriota, and Patescibacteria shared a 
similar descending trend in both pediatric and adult PH 
patients compared with the respective control group. 
Principal coordinate analysis and partial least squares 
discriminant analysis showed significant separation of 
the microbiota of the children with PH from that of the 
adults (Figure 4B and 4C).

Moreover, at genus level, the microbial structure 
showed a dramatic difference, with a higher proportion 
of Streptococcus and Rothia in the pediatric CHD-PH 
patients. Prevotella, Neisseria, Haemophilus, Fusobac-
terium, Granulicatella, Leptotrichia, Porphyromonas, Allo-
prevotella, TM7x, and Capnocytophaga were relatively 
prevalent in the adult PH group (Figure 4D).

Correlation Between Bacterial Abundance and 
TTE Indexes in CHD-Associated PH
A Pearson correlation analysis was performed between 
upper airway microbiome taxa and TTE indicators of 
CHD-PH patients to identify deeper level taxa associa-
tions (Figure 5).

For overall CHD-PH patients (Figure 5A), the genus 
Streptococcus was negatively correlated with main pul-
monary artery (Pearson correlation coefficient R=−0.33), 
right ventricle (R=−0.38), and right ventricular outflow 
tract (R=−0.33), which were representative of right heart 
function. In contrast, multiple bacteria were positively 
associated with right heart function. There was a posi-
tive association between Megasphaera and TTE indexes, 
including main pulmonary artery (R=0.51), right ven-
tricular outflow tract (R=0.34), and tricuspid valve area 
(R=0.35). Right ventricle was found positively associated 
with Prevotella (R=0.43) and Alloprevotella (R=0.41). 
TM7x, Atopobium, Leptotrichia, and some parent taxa 
within Firmicutes were also mildly correlated with right 
heart function.

Then, CHD-PH patients were divided into mild PH 
(35 mmHg < PASP <55 mmHg, n=24), moderate PH 
(55≤PASP<75 mmHg, n=30) and severe PH (PASP≥75 
mmHg, n=15) to detect the correlation between the 
microbiome of PH stratification and TTE indicators. The 
microbiota composition in each group of PH severity was 
shown in Figure S4. In mild PH patients (Figure  5B), 
main pulmonary artery was found positively associated 
with Atopobium (R=0.57), Megasphaera (R=0.62), and 
Solobacterium (R=0.53). However, pulmonary artery 
pressure was negatively associated with Streptococ-
cus (R=−0.46). Meanwhile, right ventricle was posi-
tively associated with Prevotella (R=0.63), Leptotrichia 
(R=0.59), Alloprevotella (R=0.79), Lachnoanaerobacu-
lum (R=0.71), and TM7x (R=0.62) in the moderate PH 
group (Figure 5C). In the severe PH group (Figure 5D), 
we observed that main pulmonary artery was positively 
associated with Selenomonas (R=0.73), Megasphaera 

(R=0.74), Leptotrichia (R=0.65), and Veillonella (R=0.59). 
right ventricular outflow tract and pulmonary artery pres-
sure were positively associated with Gemella (R=0.54) 
and Neisseria (R=0.54), respectively. These results indi-
cated that different groups of microbes may be related to 
different PH severities.

Microbial Functions Differ Between CHD-PH 
Patients and Controls in Children
The function of the microbiome in CHD-PH versus con-
trol group was predicted by Phylogenetic Investigation 
of Communities by Reconstruction of Unobserved States 
(PICRUSt2) based on analyzing the abundance compo-
sition of the Kyoto Encyclopedia of Genes and Genomes 
pathway (level 3) of the airway microbiome. As seen 
in Figure  5E, several material metabolism pathways, 
including galactose, amino sugar and nucleotide sugar, 
metabolism, peptidoglycan, phenylalanine, tyrosine, and 
arginine biosynthesis, were significantly higher in the PH 
group than in the control group, while pathways of micro-
bial metabolism, lipopolysaccharide, glyoxylate and dicar-
boxylate, histidine, nitrogen, and ascorbate metabolism 
were significantly lower in the CHD-PH group.

DISCUSSION
The correlation between the human microbiome and 
disorders has been thoroughly studied in recent years. 
Consistent evidences have recently shown that the respi-
ratory microbiome plays key roles in maintaining respira-
tory physiological function by interacting with the host 
system.24,25 In contrast to traditional views, the respira-
tory tract harbors its own microbiota, which is influenced 
to some extent by the oral and oropharyngeal cavities.26 
The current study focuses on this question by compar-
ing CHD-PH patients with CHD patients and healthy 
individuals, as well as pediatric patients with adult PH-
specific clustering of microbial communities. First, our 
results showed a diverse microbiome in the upper respi-
ratory tracts of CHD and CHD-PH patients compared 
with control subjects. The respiratory dysbiosis observed 
in CHD-PH patients was characterized by a reduction 
in commensal bacterial species and richness, which was 
not prominent in CHD compared with healthy individuals. 
Meanwhile, we found some specific microbiota constitu-
ents in CHD patients who differed from those of healthy 
children but were similar to those of CHD-PH patients. In 
addition, the results indicated that pediatric CHD-PH also 
shared different upper airway microbiota profiles com-
pared with adult PH. These findings indicate that compo-
sitional differences were associated with the presence or 
absence of specific taxa and their relative abundances in 
the upper respiratory tract. Finally, we found that differ-
ent specific microbiomes may be related to different PH 
stratifications, which may become a means of evaluating 
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pediatric PH. This study provided the first comprehensive 
observation of upper respiratory microbial characteristics 
in CHD-PH and its differences from adult patients with 
PH. The results of this study provide novel findings from 
the perspective of the upper microbiota to further inves-
tigate the potential cause and preventive targets for PH 
in the CHD process.

The microbiome is considered one of the environ-
mental factors involved in the pathogenesis of multiple 
diseases, but little attention has been given to CHD in 
this regard. In the past 2 years, several studies focused 
on the relationship between CHD and the gastrointes-
tinal tract have reported that CHD patients had intes-
tinal dysfunction and endotoxemia,27 which could drive 
changes in the bacterial community and translocation 
of gut bacterial antigens by modifying both local micro-
bial composition and increasing circulating bacterial 
load.11,28 In terms of the gut, CHD patients remain at 

high risk of developing gut dysbiosis due to numerous 
stressors, including abnormal gut perfusion, hypoxemia, 
and impaired nutrition.27 From the perspective of the 
lung, CHD may also be complicated by lung dysbiosis 
as a result of increased pulmonary blood flow caused 
by valvar regurgitation and residual cardiac shunts. 
Although there is currently no direct evidence proving 
the interaction between the gut and lung microbiota, 
which is also acknowledged as the “gut-lung axis,” some 
surveys have demonstrated that the coincidence of gut 
and lung dysbiosis exists in chronic lung diseases such 
as asthma, pulmonary fibrosis, chronic obstructive pul-
monary disease, and PH.8,14,29–31 Similar to gut microbial 
alterations, our study strongly suggested that alterations 
in microbial profiles are also present in the upper respi-
ratory tract. The dominant respiratory microbiota of a 
healthy individual is mainly characterized by commensal 
bacteria such as Prevotella, Veillonella, Streptococcus, 

Figure 5.  Heatmap of the top 20 
bacteria showing the correlation 
between upper airway bacteria of 
congenital heart disease (CHD)-
pulmonary hypertension (PH) and 
transthoracic echocardiography (TTE) 
parameters at the genus level.
A, Overall CHD-PH patients were stratified 
into (B) mild PH (n=24), (C) moderate 
PH (n=30) and (D) severe PH (n=15) 
groups based on the evaluated pulmonary 
artery systolic pressure. Correlations were 
calculated by Pearson correlation analysis. 
Blue represented positive correlation and 
orange represented negative correlation. E, 
Functional predictions for the microbiome of 
the CHD-PH and control groups. Significant 
Kyoto Encyclopedia of Genes and Genomes 
pathways at level 3 for the microbiome of the 
2 groups were visualized by STAMP software 
using Wilcoxon rank-sum test with multiple 
test correction of Benjamini-Hochberg false 
discovery rate (FDR; P<0.05). *P<0.05, 
**P<0.01, and ***P<0.001.
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and Neisseria, which are involved in the development of 
host immune homeostasis.24 Nevertheless, the mecha-
nism of action of the above altered respiratory micro-
biota profile in patients with CHD and CHD-PH still 
warrants further study.

The results caused by respiratory microbiota imbal-
ance are similar to those involved in PH pathophysiology. 
Nitric oxide, partly metabolized by bacteria from NO2

− of 
the host, alleviates PH by inducing pulmonary arterial 
endothelial cell relaxation and reducing extracellular cal-
cium influx. In our results, KEGG enrichment identified 
decreased nitrogen metabolism in CHD-PH patients, 
and the comparison between CHD-PH and healthy chil-
dren showed a decreased proportion of Veillonella and 
Actinomyces (Figure 3B), which accounted for the larg-
est proportion of NO2

−-producing bacteria in both aer-
obic and anaerobic conditions in the upper respiratory 
tract.32 These results suggest that altered Veillonella and 
Actinomyces in the upper respiratory tract might be asso-
ciated with PH in the development of CHD. However, as 
the microbiome community is dynamic with multiple fac-
tors,33 to thoroughly understand the association between 
respiratory bacteria and the onset of PH, longitudinal 
sampling of donors during the disease process will be 
needed in future studies.

In addition, an altered microbiome was also found to be 
correlated with illness severity and may help discriminate 
critical patients with COVID-19.34 To explore the relation-
ship of respiratory bacteria and PH severity, correlation 
analyses were performed between the abundance of the 
top 20 genera and TTE indexes. Along with changes in 
the airway microbiome, a strong relationship between 
the disrupted microbiome and TTE variables, especially 
a strong positive correlation between right heart param-
eters of moderate-severe PH and Leptotrichia, was also 
observed in CHD-PH in our study.

According to the PICRUSt2 results, the KEGG 
enrichment function of the upper respiratory microbi-
ota can also predict the development of PH. We found 
that multiple bacterial functions based on KEGG (level 
3) categories were disturbed in CHD patients with PH. 
The most considerable relationship between differen-
tially colonized bacteria and multiple metabolic pathways 
was identified. Interestingly, a recent study showed that 
plasma metabolites were correlated with clinical mea-
surements in response to shunt correction in CHD-PH.35 
Nevertheless, it is still largely unclear how altered respi-
ratory microbiota profiles contribute to PH during the 
CHD process, suggesting that metabolomics should be 
considered in the future to further determine the detailed 
interacting mechanism between PH development and 
altered lung microbiome.

The current study had several limitations. Above all, 
we were limited by the use of echocardiography as right 
heart catheterization is invasive and expensive. Sec-
ond, BALF might be a better choice to represent the 

lung microbiome, as oropharyngeal swab collection of 
upper respiratory tract is likely to be contaminated by 
oral (or saliva) microbiome. Yet, electronic bronchoscopy 
was unethical and infeasible for pediatric CHD and PH 
patients. Further prospective studies will be performed 
to compare the microbiome deep down from the lung. 
Microbiota profiling studies, however, represent only the 
first step in omics research and should be followed by 
focused studies to quantitatively map “microbiota-cell/
microbiota-microbiota” pathways as well as determine 
the causal link between the host microbiome and PH 
occurrence in the CHD process.

Taken together, 16S rRNA sequencing was used in 
this study to explore the altered microbial characteristics 
in the upper respiratory tract of pediatric CHD patients 
with PH compared with control individuals. The findings 
of the current study revealed that the respiratory micro-
biota composition was significantly different in CHD-PH 
patients compared with the controls or pediatric CHD or 
adult PH patients. Meanwhile, different microbiota may 
suggest different PH grades. Overall, these data suggest 
that dysbiosis of respiratory microbiota may play a key 
role in bridging the linkage between the heart and lung, 
providing novel insights into the roles of airway micro-
biota during disease pathogenesis and its significance as 
a potential preventive or therapeutic target.

CONCLUSIONS
The upper airway microbiota composition of CHD-PH 
differs from that of healthy individuals and pediatric CHD 
patients. Our results comprehensively demonstrated 
a potential correlation between changes in upper air-
way bacterial populations and cardiovascular struc-
ture reflected by TTE parameters in pediatric CHD-PH 
patients. Prospective studies are warranted to explore 
whether such microbiota disruption conveys an increased 
risk of developing PH in pediatric CHD patients.

PERSPECTIVES
The upper airway microbiota composition of pediat-
ric CHD patients with PH differs from that of healthy 
individuals and adults with PH. This study comprehen-
sively demonstrated a potential correlation between 
changes in upper airway bacterial populations and 
cardiovascular structure reflected by TTE parameters 
in pediatric CHD-PH patients. Prospective studies are 
warranted to explore whether such microbiota disrup-
tion conveys an increased risk of developing PH in 
pediatric CHD patients.
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