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Abstract
Bronchopulmonary dysplasia (BPD) is the most common serious complication of very preterm infants (VPI) or very low 
birth weight (VLBW) infants. Studies implicate viral infections in etiopathogenesis. The aim of this study was to summarize 
the relationship between viral infections and BPD through a systematic review and meta-analysis. We searched PubMed, 
Embase, the Web of Science Core Collection, and the Cochrane Database on December 19, 2023. We included observa-
tional studies that examined the association between viral infections and BPD in preterm infants. We extracted data on study 
methods, participant characteristics, exposure assessment, and outcome measures. We assessed study risk of bias using the 
Newcastle-Ottawa Scale (NOS). We included 17 and 15 studies in the qualitative review and meta-analysis, respectively. 
The meta-analysis showed a significant association between viral infection and BPD diagnosed at 36 weeks postmenstrual 
age (odds ratio (OR): 2.42, 95% confidence interval: 1.89–3.09, 13 studies, very low certainty of evidence). In a subgroup 
analysis of specific viruses, cytomegalovirus (CMV) proved to be significantly associated with BPD diagnosed at 36 weeks 
postmenstrual age (OR: 2.34, 95% confidence interval: 1.80–3.05, 11 studies). We did not find an association between viral 
infection and BPD diagnosed on the 28th day of life, probably due to the small sample size of the included prospective studies.

Conclusion: Viral infections, especially CMV, are associated with an increased risk of BPD in preterm infants. Methodo-
logically reliable prospective studies with large samples are needed to validate our conclusions, and high-quality randomized 
controlled studies are needed to explore the effect of prevention or treatment of viral infections on the incidence of BPD.

What is Known:
• Studies have attempted to identify viral infections and bronchopulmonary dysplasia in preterm infants; however, results have been inconsist-

ent.
What is New:
• Systematic demonstration that viral infections, particularly cytomegalovirus, are positively associated with bronchopulmonary dysplasia 

diagnosed in preterm infants at the 36th week of postmenstrual age.
• The importance of screening for viral infections in preterm infants, especially cytomegalovirus. More high-quality studies should be pro-

duced in the future to investigate the causal relationship between viral infections and bronchopulmonary dysplasia.
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Introduction

 Bronchopulmonary dysplasia (BPD) is the most common 
serious complication of very preterm infants (VPI) or very 
low birth weight (VLBW) infants, affecting up to 45% of 
infants born at less than 29 weeks gestational age (GA) [1]. 
There is a strong correlation between the severity of BPD 
and mortality, poor respiratory prognosis, persistent pul-
monary hypertension, and neurodevelopmental impairment 
(NDI) in preterm infants [2–5]. A Canadian investigation 
found that BPD and its associated complications result in 
an extreme cost burden early in life and a lifelong negative 
impact on quality of life for preterm infants with a GA ≤ 28 
weeks [6]. The pathogenesis of BPD is widely recognized as 
multifactorial. Sepsis-associated systemic inflammation and 
microbial infections may play a propulsive role in the patho-
genesis of BPD [7]. A large Brazilian study found an associ-
ation between the need for prolonged mechanical ventilation, 
treated patent ductus arteriosus (PDA), and delayed sepsis 
with an increased risk of BPD [8]. Bacteria and Mycoplasma 
solani are two infectious agents that have been widely men-
tioned in BPD-related studies, while relatively few studies 
have been conducted on viruses [9–11]. Although bacterial 
infections and Mycoplasma solani infections are more com-
mon than viral infections in preterm infants, the role of viral 
infections in BPD cannot be ignored.

Since there is a clear concept of time for the diagnosis of 
BPD, the hypothesis of viral infection as an etiology of BPD 
is based on observations in a cohort describing outcomes of 
preterm infants in the neonatal intensive care unit (NICU). 
Two studies found an association between acute lung injury 
due to seasonally prevalent mixed respiratory viral infec-
tions and the development of BPD [12, 13]. Couroucli et al. 
also found an association between adenovirus infection and 
the development of BPD [14]. Certainly, cytomegalovirus 
(CMV) should be the most discussed viral infection in BPD 
research. Large multicenter studies in the USA and Australia 
have concluded that CMV is a risk factor for BPD [15, 16].

However, there are some studies that take the opposite 
view. Prösch et al. from Germany concluded that adenovi-
rus infection, CMV infection, and BPD are not related [17]. 
Large multicenter studies, also from the USA and Australia, 
also concluded that CMV infection had no significant effect 
on BPD [18, 19]. Most relevant studies are limited by small 
sample sizes, which prevent us from drawing definitive 
conclusions [20]. Therefore, we aimed to address the above 
paradox by summarizing studies assessing the relationship 
between viral infections and BPD in preterm infants through 
a systematic review and meta-analysis. The primary objec-
tive of our review was to determine whether viral infection is 
associated with the development of BPD in preterm infants 
compared with those without viral infection. A secondary 

objective was to determine the association between infection 
with different types of viruses and BPD in preterm infants.

Methods

The system review adhered to the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) state-
ment [21] and the Meta-analysis Of Observational Studies in 
Epidemiology (MOOSE) guidelines [22]. A comprehensive 
review protocol, which includes objectives, eligibility cri-
teria, information sources, and search strategies, has been 
registered with the International Prospective Register of Sys-
tematic Reviews (registration number: CRD42023493157). 
The systematic evaluation was a secondary analysis of the 
literature, and ethical review was considered unnecessary.

Inclusion and exclusion criteria

We included cohort and case-control studies that examined the 
association of viral infections with BPD in preterm infants. We 
excluded reviews, case reports, case series, letters and editori-
als, and randomized controlled studies. We reviewed the refer-
ence lists of the included studies to identify additional stud-
ies. The participants, exposures and risk factors, comparison 
groups, and outcomes (PECO) of our studies are listed below.

Participants

We included preterm infants born with a gestational age of less 
than 37 weeks who were admitted to the neonatal ward. We 
excluded all infants known to have congenital malformations.

Exposure and risk factor

Preterm infants with viral infections detected in the respira-
tory tract or blood at or before the time of BPD diagno-
sis. We defined viral infection as the isolation or molecular 
detection of DNA or RNA of a causative virus known to 
affect the lungs from a laboratory specimen of the infant.

Comparator

All preterm infants diagnosed with BPD who were not 
infected with the virus on or before the diagnosis of BPD.

Outcome

Our primary outcome indicator was based on preterm 
infants still requiring oxygen at 28th day of age after birth 
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(guidelines issued by the National Heart, Lung, and Blood 
Institute (NHLBI) and the National Institute of Child Health 
and Human Development (NICHD) in 2001) or at 36 weeks 
postmenstrual age (guidelines published by NICHD in 2018 
or diagnostic criteria proposed by Jensen et al.) [23–25]. Lit-
erature with unclear diagnostic criteria or with chest imaging 
alone as a diagnostic criterion were reviewed qualitatively 
only and were not included in the meta-analysis [26, 27].

Information sources

Our search date was 19 December 2023, and the search strat-
egy had no language or publication date restrictions. We 
searched the following databases: PubMed (data inception 
to 19 December 2023), Embase database (data inception 
date to 19 December 2023), Web of Science Core Collection 
(data inception to 19 December 2023), and the Cochrane 
Library (data inception to 19 December 2023). We manually 
checked references in the included studies.

Search strategy

The search strategies for the above four databases were 
developed by the reviewer (X.G.) and reviewed by other 
reviewers. The full search strategies are detailed in Appen-
dix 1 of the Supplemental Information.

Selection process

Two reviewers (X.G. and D.M.) independently reviewed 
the abstracts and screened and included studies according 
to inclusion and exclusion criteria. Conflicts were resolved 
by a third author (Z.Y.). We used a free online tool, DeepL 
(https:// www. deepl. com/ trans lator# zh/ en/), to assess poten-
tially eligible studies in non-English languages.

Data collection process

Two reviewers (X.G. and D.M.) independently collected 
data by manually reviewing the included articles using a 
data extraction form. Z.Y. reviewed the data collected by 
the two reviewers to rule out any human error. For the stud-
ies included in this review where reports are ambiguous or 
data is incomplete, we will contact the authors to attempt to 
obtain full reports or data. A list of all data entries collected 
is detailed in Appendix 2 of the Supplemental Information.

Study risk of bias assessment

We used the Newcastle-Ottawa scale to assess the risk of 
bias for the included cohort and case-control studies. Two 
reviewers (X.G. and D.M.) independently scored the studies 
they each screened during the data extraction process. The 

domains scored included selection, comparability, exposure, 
or outcome, with a maximum score of 4, 2, and 3 for each 
domain, respectively. The maximum possible total score for 
each study was 9.

Data analysis and effect measures

We conducted a meta-analysis of the literature on those who 
reported data on viral infections in BPD and control groups. 
To calculate the odds ratio (OR) of the association between 
viral infection and BPD in different studies, we used the 
inverse variance method. Forest plots were used to visual-
ize the results of the meta-analysis. Heterogeneity between 
studies was assessed using Cochran’s Q test and I² statistic. 
If the heterogeneity statistic I² was greater than or equal to 
50% or the P value of the Cochran’s Q test statistic was less 
than 0.05, indicating significant heterogeneity between stud-
ies. Given that the included studies are primarily either pro-
spective or retrospective observational studies, significant 
clinical or methodological differences may exist between 
them. Therefore, a random effects model was chosen for 
the meta-analysis. When the number of studies included 
is ten or more, publication bias is assessed by examining 
the asymmetry of funnel plots and conducting Egger’s and 
Begg’s tests. Meta-analyses, Egger’s and Begg’s tests, forest 
plots, and funnel plots were performed with R version 4.2.1 
(R Foundation for Statistical Computing, Vienna, Austria).

Results

Characteristics of the included studies

In total, we screened 7166 potentially relevant study 
abstracts, of which 50 were selected for full-text search, 
and 17 studies were ultimately included in the systematic 
review. The PRISMA flowchart of the search and screening 
process is shown in Fig. 1. The included studies and their 
baseline characteristics are summarized in Table 1 [12–18, 
20, 26–34]. Excluded studies and the reasons for their 
exclusion are shown in Supplemental Table 1. Fifteen stud-
ies were published in 2001 and later, of which 64.7% were 
published within the last 12 years (Supplemental Fig. 1A). 
The included studies were conducted primarily in five coun-
tries around the world. The USA and Germany were the 
main study sites, and 76.5% of the studies were conducted in 
these locations (Supplementary Fig. 1A, B). All studies were 
cohort studies (47.1% prospective, 52.9% retrospective). The 
included studies evaluated 7734 preterm infants to explore 
the association between different viruses and BPD. CMV 
was the most studied virus, comprising 76.5% of the studies 
(Supplementary Fig. 1A).

https://www.deepl.com/translator#zh/en/
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The population included in the studies was primarily 
preterm or low birth weight infants. Among the 17 incor-
porated studies, preterm infants in six investigations dem-
onstrated gestational ages below 32 weeks [13–15, 29, 33, 
34], whereas those in eight studies exhibited birth weights 
under 1500 g [16, 18, 20, 29, 30, 32–34]. One study did not 
report the birth weight of the infants studied [14]. Five stud-
ies reported outcomes for BPD diagnosed at postnatal age 
28 days [13, 14, 17, 28, 31], and thirteen studies reported 
outcomes for BPD diagnosed at 36 weeks of postmenstrual 
age [12, 14–16, 18, 20, 28–34]. One study extracted data 
from a database using diagnostic codes only and did not 
account for diagnostic criteria for BPD [26]. One study 
diagnosed BPD relying solely on the results of chest imag-
ing [27]. When selecting samples to confirm viral infec-
tion, eleven studies chose urine samples [15–18, 27–29, 
31–34], nine used respiratory secretion samples [12–17, 
31, 32, 34], six used blood samples [15, 16, 20, 31, 32, 
34], three chose cerebrospinal fluid samples [16, 32, 34], 
and one took umbilical cord tissue samples [30]. In choos-
ing the means of detecting viral infections, thirteen studies 
opted for nucleic acid testing by polymerase chain reaction 
(PCR) [12–17, 20, 28–31, 33, 34], seven took viral cultures 

[16–18, 27, 29, 32, 34], and two used immunological meth-
ods [20, 31]. One study performed genotyping in addition 
to nucleic acid testing [29].

The authors of six studies concluded that there was no 
association between viral infections and BPD [17, 18, 28, 29, 
31, 33]. The authors of eleven studies concluded that viral 
infections were positively associated with BPD [12–16, 20, 
26, 27, 30, 32, 34].

Quality assessment

The quality of each included study was assessed according 
to the Newcastle-Ottawa Scale (NOS), and the results are 
detailed in Supplemental Table 2. Based on past expe-
rience, literature rated 0 to 3 is considered high risk of 
bias, 4 to 6 is considered moderate risk of bias, and 7 to 
9 is considered low risk of bias [35]. Agreement between 
the two independent reviewers (X.G. and D.M.) was 94%. 
Disagreement in one study was resolved by discussion and 
consensus. Fifteen studies received a score of 7 to 9 out of 
a possible 9 (Fig. 2).

Studies with high quality scores had clear criteria for 
selection of participants, comparability between groups, 

Fig. 1  PRISMA flowchart shows the systematic search of the literature
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identification of exposure factors, and assessment of 
outcomes. The most common reason for lower scores on 
quality assessment was that studies did not control for 
important confounders such as birth gestational age and 
birth weight (two studies). We found asymmetry in our 
visual inspection of funnel plot (Supplemental Fig. 2). But 
the results of Begg’s test (BPD diagnosed at 36 weeks 
of postmenstrual age: p-value = 0.542) and Egger’s test 
(BPD diagnosed at 36 weeks of postmenstrual age: 
p-value = 0.556) demonstrated the absence of publication 
bias in meta-analyses.

Meta‑analysis

We included fifteen studies that provided data for the meta-
analysis, three of which had two diagnostic criteria for BPD. 
Viral infection significantly increased the odds of a diagnosis 
of BPD in preterm infants at the 28th postnatal day of age 
(OR: 1.96, 95% confidence interval: 0.96–4.01), yet there 
was no significant difference in the analysis of the outcomes 
(Z = 1.84, p-value = 0.07), and there was significant hetero-
geneity between studies (I2 = 52%, p-value = 0.08) (Fig. 3A). 
Viral infection significantly increased the odds of diagnosis of 
BPD in preterm infants at 36 weeks of postmenstrual age (OR: 
2.42, 95% confidence interval: 1.89–3.09), and there was a 
significant difference in the analysis of the outcomes (Z = 7.06, 
p-value < 0.01), and there was no significant heterogeneity 
between the studies (I2 = 18%, p-value = 0.26) (Fig. 3B).

Subgroup analyses

We performed subgroup analyses according to different 
virus types. In studies where BPD was diagnosed at 28 days 
of age postnatally, subgroup analyses of CMV (OR: 1.38, 
95% confidence interval: 0.67–2.82, I² = 0%) and adeno-
virus (OR: 2.50, 95% confidence interval: 0.16–38.13, I² 
= 80%) showed no significant association between viral 
infection and BPD (Fig. 3A). In the studies with BPD diag-
nosed at 36 weeks postmenstrual age, subgroup analysis of 
CMV (OR: 2.34, 95% confidence interval: 1.80–3.05, I² = 
24%) showed a significant association between CMV infec-
tion and BPD, which was positively correlated (Fig. 3B). 

Fig. 2  Risk of bias assessment. The column chart shows the Newcas-
tle Ottawa Scores along the x-axis divided into 3 groups: high risk of 
bias (0–3), moderate risk of bias (4–6), and low risk of bias (7–9). 
The number of studies included in the review with those scores on the 
y-axis

Fig. 3  Meta-analyses and subgroup analyses. A Forest plot show-
ing meta-analyses conducted with a diagnosis of BPD at 28th day of 
life as a positive outcome, with a random-effects model used to test 
the results of the meta-analyses. The forest plot also shows subgroup 
analyses by virus type. B Forest plot showing the meta-analysis per-

formed with a diagnosis of BPD at 36 weeks postmenstrual age as 
a positive outcome, and the results of the meta-analysis were tested 
using a random-effects model. The forest plot also shows subgroup 
analyses by virus type
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The portion of studies with a diagnosis of BPD at week 
36 postmenstrual provided proportions based on propensity 
score matching after adjusting for confounders. We therefore 
conducted subgroup analyses according to the presence or 
absence of adjustment for confounders. The results showed 
that virus was consistently positively associated with BPD in 
both the adjusted for confounders subgroup (OR: 2.41, 95% 
confidence interval: 1.93–3.02, I² = 0%) and the unadjusted 
for confounders subgroup (OR: 2.51, 95% confidence inter-
val: 1.51–4.18, I² = 35%), which were consistently positively 
correlated (Fig. 4). Heterogeneity was significantly less in 
the subgroup adjusted for confounders.

Certainty of evidence

The results of our review are summarized in Table 2. We 
used the GRADEpro guideline development tool to catego-
rize the certainty of the evidence as very low, low, moderate, 
or high based on study design, risk of bias, imprecision, 
inconsistency, indirectness, publication bias, large effect, 
plausible confounding, and dose-response gradient. In five 
studies that diagnosed BPD at 28 days of age, we found 
that the certainty of the evidence was very low. In thirteen 
studies of BPD diagnosed at 36 weeks postmenstrual age, 
we found that the certainty of the evidence was very low. 

Fig. 4  Subgroup analyses. The forest plot shows the subgroup analy-
ses according to whether it was a proportion after adjusting for con-
founders, with the outcome being a diagnosis of BPD at 36 weeks 
after menstruation. The meta-analysis was examined using a random-
effects model. Tapawan et  al. [15] matched control infants by sex, 
birth gestational age, and birth weight. Kelly et al. [34] adjusted for 
confounding variables including GA, BW, small for gestational age 
status, race/ethnicity, discharge year, NICU site, use of antenatal cor-
ticosteroids, days of breast milk exposure from postnatal days 15 to 
21, days of aminoglycoside (gentamicin sulfate, tobramycin, and ami-
kacin sulfate) and loop diuretic (furosemide and bumetanide) expo-
sure, NEC, grade 3 or 4 intraventricular hemorrhage, patent ductus 
arteriosus, sepsis occurring on or before postnatal day 21, vasopres-

sor medications (amrinone lactate, dobutamine hydrochloride, dopa-
mine hydrochloride, epinephrine, milrinone lactate, and norepineph-
rine bitartrate), type of respiratory support, and fraction of inspired 
oxygen on postnatal day 21. Confounding variables adjusted for by 
Weimer et  al. [16] included GA, birth weight, small-for-gestational-
age status, sex, race/ethnicity, discharge year, NICU site, days of 
breast milk exposure between postnatal day 15 and 21, number of 
days on which surfactant was received, necrotizing enterocolitis, 
grade III or IV intraventricular hemorrhage, PDA, and sepsis episode 
occurring on or before postnatal day 21, and number of vasopressor 
medications, type of respiratory support, and fraction of inspired oxy-
gen assessed on postnatal day 21
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The main reasons for the downgrading of the level of evi-
dence were imprecise evidence due to the low total number 
of events included in the studies, non-randomized controlled 
cohort design, and publication bias. GRADEpro is a web-
based tool for synthesizing and rating evidence that is widely 
used by medical organizations around the world, so we used 
it to derive this conclusion.

Discussion

Viral infections have been associated with BPD, but the con-
clusions of the available literature are not uniform. Evidence 
summarized in this systematic review and meta-analysis sug-
gests that viral infection is significantly and positively asso-
ciated with BPD diagnosed at 36 weeks of postmenstrual 
age and not significantly associated with BPD diagnosed 
on the 28th day of life. Based on subgroup analysis, CMV 
infection was significantly and positively associated with 
BPD diagnosed at 36 weeks of postmenstrual age. Accord-
ing to the GRADE assessment, the certainty of evidence for 
the association of viral infections with BPD was very low in 
studies with BPD diagnosed at both 28 days after menstrua-
tion and 36 weeks after menstruation.

Our meta-analysis covered 6983 infants, the largest sam-
ple to date to analyze the association of viral infections 
with BPD. This is the first review to synthesize data from 
all viruses hypothesized to be associated with BPD. By 
subgroup analysis, we further found that in the studies we 
included in the meta-analysis, only the positive association 
of CMV infection with BPD diagnosed at 36 weeks post-
menstrual age was confirmed. The main reason for these 
conclusions is due to the small number and sample size of 
studies describing the association of adenoviruses and other 
viruses with BPD. A systematic review by Stark et al. found 
10 studies supporting an increased risk of BPD in VLBW 
preterm infants infected with CMV, while 6 studies were 
against, which is consistent with our findings [36]. However, 
the systematic review by Stark et al. did not perform a meta-
analysis of the relationship between CMV infection and the 
risk of developing BPD. Previous systematic reviews have 
shown that children with BPD are at higher risk for severe 
respiratory syncytial virus disease [37]. But there is a pau-
city of literature exploring the impact of common respiratory 
viruses such as adenovirus and respiratory syncytial virus 
on BPD in preterm infants. Our study identified four pro-
spective cohort studies supporting that common respiratory 
viruses may have a potential association with the prevalence 
of BPD, but requires repeated validation and confirmation 
in large, multicenter prospective cohort studies [12–14, 17].

Infection, hyperoxia, and mechanical ventilation-induced 
lung inflammation are pivotal factors in the development of 
BPD. Studies on premature infants during the initial days Ta
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of life have revealed that diminished levels and activity of 
surfactant protein D, a protein responsible for pathogen 
clearance and immune response regulation, correlate with 
adverse lung outcomes in BPD [38]. This protein plays a 
crucial role in mitigating lung tissue damage in children 
afflicted with BPD. The secretory phospholipase A2, which 
regulates inflammatory mediators and surface tension in 
the lungs, may be an important intermediary between viral 
infection and acute lung injury [39, 40]. In summary, the 
virus may exacerbate acute lung injury in BPD by regulat-
ing pulmonary inflammation, pulmonary compliance, and 
inhibiting viral clearance ability and immune response.

The definition of BPD has gone through a long process of 
adjustment. The study found that the 2018 NICHD diagnos-
tic criteria and the 2019 Jensen diagnostic criteria better pre-
dicted the poor prognosis of severe respiratory disease, neu-
rosensory disorders, and death in preterm infants compared 
to the 2001 NHLBI/NICHD diagnostic criteria [41–43]. Our 
study also found that viral infections predominantly showed 
significant differences in studies of BPD diagnosed at 36 
weeks postmenstrual age. Therefore, we hypothesized that 
CMV infection is more strongly associated with more severe 
BPD and poorer prognosis.

There are three routes of transmission of CMV infection 
in preterm infants, including congenital CMV via intrauter-
ine transmission, transmission via cervical or vaginal secre-
tions, and postnatal CMV via breast milk or blood transfu-
sion [15, 16]. Previous studies have defined congenital CMV 
infection using PCR or viral isolation (culture) for CMV 
DNA in body fluids (including saliva and/or urine) or blood 
obtained within 3 weeks of birth [44]. The current view is 
that the diagnosis of congenital CMV is made by detection 
of positive CMV DNA by PCR in samples collected within 
21 days of birth, independent of viral culture and serum 
immunoantibody testing [45]. Congenital CMV infection 
was found to contribute to the development of BPD, sus-
pected to be a direct or indirect effect of the virus on lung 
tissue [26, 30]. Not only that, preterm infants with congenital 
CMV infection are much more likely to develop progressive 
sensorineural hearing loss and poorer neurodevelopmental 
outcomes, which is a serious threat to the health of pre-
term infants [18]. Therefore, regular monitoring of fetuses 
whose mothers are positive and regular screening of high-
risk babies after birth can contribute to early prevention and 
treatment [46]. There are many means of detecting postnatal 
CMV infection, including culture or PCR testing of biologi-
cal samples such as urine, blood, and respiratory secretions 
[16]. However, current clinical practice and research would 
widely use a positive CMV DNA in a sample detected by 
PCR on and after the 21st day of life and a negative CMV 
DNA PCR within the first 21 days of life as the primary 
definition of postnatal CMV infection [15]. To demonstrate 
the risk of vertical transmission, it is advisable to test for 

CMV in breast milk at the same time. Most of the studies 
we included support a role for postpartum CMV infection 
as a driver of BPD, especially BPD diagnosed at 36 weeks 
postmenstrual age [15, 16, 20, 34]. Possible mechanisms 
by which postpartum CMV infection increases the risk of 
BPD include lung tissue damage, indirect immune response, 
and worsening of respiratory status exacerbating other BPD 
risk factors [34]. However, the sample sizes of the included 
prospective studies were generally too small. Retrospective 
cohort studies, although with slightly larger sample sizes, 
tested for CMV infection on the basis of clinical suspicion, 
leading to controls that may have been false-negative [19]. 
Therefore, our findings will have to be verified in large-
sample, multicenter prospective studies.

CMV infections caused by blood transfusions have been 
greatly reduced because transfusions of CMV seronega-
tive and leukopenic blood products have become common 
[47]. Therefore, it is now the mother’s breast milk that is the 
main source of postnatal CMV infection. Preterm infants 
infected with CMV postnatally, especially those with symp-
tomatic infections, may develop long-term lung and neu-
rodevelopmental morbidities [36]. Therefore, early dynamic 
monitoring of CMV DNA in breast milk is necessary for 
high-risk infants, such as VPI or VLBW infants and infants 
whose mothers are seropositive for CMV [20]. Among pre-
term and low birth weight infants, the prevalence of CMV 
infection was significantly higher in infants fed untreated 
breast milk than in infants fed frozen breast milk and mixed 
feeding [48]. However, frozen-thawed breastfeeding is not 
entirely effective in preventing postpartum cytomegalovirus 
infection [49]. In addition to freezing breastmilk, treating 
breastmilk with pasteurization is a means of interrupting 
the spread of pathogens [50]. Short-term pasturization sig-
nificantly reduced the incidence of postnatal CMV infection 
through breast milk in the NICU [51]. In response to the 
fact that mothers of low birth weight babies may have insuf-
ficient breast milk of their own, human donor breast milk 
requiring pasteurization is widely used [52]. However, stud-
ies have found that pasteurized breast milk may negatively 
affect longitudinal growth and beneficial components in pre-
term infants [53, 54]. This also exemplifies the importance 
of performing the necessary postnatal CMV screening to 
rationally prevent breast milk transmission. Current clinical 
practice does not recommend routine screening of mothers 
for CMV infection during pregnancy, but serologic testing is 
recommended for symptomatic women or for women whose 
ultrasound demonstrates fetal intestinal fluid, brain abnor-
malities, or fetal size less than gestational age [55]. During 
breastfeeding, CMV is secreted into breast milk from the 
first week postpartum, with an initial low viral load that 
peaks at approximately 4–8 weeks, then declines and ends at 
9–12 weeks postpartum [56]. Based on this characterization, 
for VPI and VLBW infants, it is recommended that CMV 
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concentrations in breast milk be monitored at least every 1 
to 2 weeks beginning in the first week of life. However, the 
frequency of screening of mothers and breast milk has not 
been clearly documented, and further high-quality studies 
are still needed to summarize the evidence. The guideline 
recommends early serologic screening of mothers for pre-
term infants with a GA of less than 32 weeks and short-term 
pasteurization of breastmilk in women who are seropositive 
for CMV [57]. This is because short-term pasteurization 
appears to minimize the impact on the beneficial compo-
nents of breast milk while retaining the ability to inactivate 
the virus. Bedside, immediate breastmilk CMV testing may 
identify high-risk situations requiring pasteurization in real 
time. Other means include the use of anti-CMV immuno-
globulin and/or leukocyte filtration treatment of breast milk 
[57]. Ongoing monitoring of CMV infection in at-risk popu-
lations while breastfeeding, such as weekly PCR testing of 
saliva, can help to identify infants who might benefit from 
“preventive” treatment at an early stage [58, 59].

Another very important but unresolved issue is the treat-
ment of CMV infection. The use of valganciclovir was initi-
ated in the neonatal period and even beyond to treat children 
with symptomatic or asymptomatic congenital CMV dis-
ease, improving hearing and developmental outcomes [60]. 
However, the literature examining the effect of anti-CMV 
viral therapy on BPD is sparse, with a lack of high-quality 
randomized controlled studies. Investigations by the German 
Neonatal Network have shown that infants with congeni-
tal CMV infection who require antiviral therapy are more 
likely to develop BPD and that antiviral therapy for CMV-
negative infants leads to short-term adverse outcomes [30]. 
Ganciclovir treatment of postnatal CMV-infected VPI does 
not reduce risk of BPD and death in a multi-unit Australian 
survey [15]. In the above retrospective study, the decision to 
take antiviral treatment was based on the clinical experience 
of the doctors, which led to selection bias.

This systematic review has some limitations. First, most 
of the included studies were conducted in the USA, Europe, 
and Australia. Therefore, the results of this review should 
be generalized with caution when considering differences 
in healthcare settings. Second, the small number of stud-
ies with small sample sizes and high heterogeneity in diag-
nosing BPD on postnatal day 28 may affect the reliability 
and interpretability of the results. The included studies may 
have potential publication bias. Most of the studies were not 
adjusted for confounders, which may produce low-quality 
evidence when pooled. In addition, false-negative controls 
may have been present in the retrospective cohort, affecting 
the accuracy of the results.

Despite these limitations, we are the first review to sys-
tematically examine the association of viral infections with 
BPD. The studies we included were cohort designs, nearly 

half of which were prospective and highly similar in terms of 
population recruitment, exposure assessment, and outcome 
definitions. Nearly 90% of the studies in our meta-analysis 
were of good quality (NOS score 7–9). Heterogeneity was 
relatively low among studies with a BPD diagnosis at 36 
weeks postmenstrual period.

Conclusion

Summary evidence from observational studies suggests that 
viral infection is associated with an increased risk of BPD 
diagnosed at 36 weeks postmenstrual age (very low cer-
tainty of evidence, 13 studies, 6768 participants). The risk 
of BPD diagnosed at 36 weeks postmenstrual age may be 
more significant in preterm infants exposed to CMV. Clini-
cians should suspect that viral infections, particularly CMV 
infection, may be a trigger for BPD.

The results of our meta-analysis need to be validated in 
methodologically sound prospective studies with large sam-
ples. In the meantime, high-quality randomized controlled 
studies are conducted to investigate whether prevention or 
treatment of viral infections may reduce the risk of BPD. 
To further understand the causal relationship between viral 
infections and BPD, we can also try to establish experimen-
tal humanized animal models of BPD and lung organoid 
models to identify the molecular regulatory mechanisms by 
which viruses cause BPD. The development of microbiom-
ics of the respiratory tract will also help to discover more 
links between viruses and BPD in preterm infants.
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