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neurodevelopmental outcomes in preterm neonates
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ABSTRACT

Objective: To systematically evaluate the association between pulmonary hypertension (PH) and long-term
neurodevelopmental outcomes in preterm infants with bronchopulmonary dysplasia (BPD).

Methodology: A systematic review and meta-analysis were conducted in accordance with PRISMA guidelines. PubMed,
Embase, Web of Science, and Scopus were searched from inception to January 28, 2026 for observational studies
comparing preterm infants with BPD with and without PH and reporting neurodevelopmental outcomes assessed beyond
12 months of corrected age. Random-effects meta-analyses were performed for continuous outcomes (cognitive,
language, and motor scores; standardized mean difference [SMD]) and dichotomous adverse neurodevelopmental
outcomes (odds ratio [OR]).

Results: Seven studies were included. Four studies contributed continuous outcome data. PH was associated with
significantly lower cognitive (SMD -0.47, 95% Cl -0.81 to -0.14), language (SMD -0.28, 95% Cl -0.50 to -0.05), and
motor scores (SMD -0.50, 95% ClI -0.73 to -0.28). Heterogeneity for continuous outcomes was low (12 = 0%). Five
studies provided extractable dichotomous data, demonstrating that PH was associated with a higher risk of adverse
neurodevelopmental outcomes (OR 2.80, 95% Cl 1.57-4.98), with moderate heterogeneity (12 = 48.8%).

Conclusions: PH in preterm infants with BPD may be associated with poorer long-term neurodevelopmental outcomes.
Further studies are needed to improve the evidence.
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due to prolonged respiratory support, systemic
inflammation, and disruption of organ development.
Pulmonary hypertension (PH) is a key complication
of BPD. It occurs mostly due to abnormal pulmonary
blood vessel growth and maladaptive vascular changes
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chronic hypoxemia, impaired pulmonary perfusion,
and prolonged exposure to the illness during the time of
development may cause adverse neurodevelopmental
outcomes.>® Some cohort studies®” involving preterm
infants with BPD have shown that children with
concurrent PH may have poorer neurodevelopmental
performance in early childhood, affecting cognitive,
motor, as well as language domains. This is particularly
important for nursing personnel as they are closely
associated with long-term monitoring of such patients.
Nurses can detect early warning signs and help select
children at risk for closer follow-up.

While research has shown some evidence on the
association between BPD-related PH and adverse
neurodevelopment, individual studies have shown
variability in sample size, outcome definitions, and
neurodevelopmental assessment methods. A few
studies have used continuous developmental scores,
while others have categorize neurodevelopmental
impairment dichotomously. This has complicated
direct comparisons across studies.®'° Therefore, this
systematic review and meta-analysis was conducted
to assess the available evidence on the relationship
between PH and long-term neurodevelopmental
outcomes in preterm neonates with BPD.

METHODOLOGY

This systematic review and meta-analysis
was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.” The study protocol
was  prospectively registered on PROSPERO
(CRD420261296106).

Two reviewers independently conducted a thorough
literature search across PubMed, Embase, Web of
Science, and Scopus. Search was from the inception of
each database up to January 28, 2026. We imposed no
language or date restrictions. The complete electronic
search strategy is shown in Supplementary Table-I.
Additionally, we also checked the reference lists of
included studies and pertinent reviews to identify
additional eligible studies. Studies were selected
based on the Population, Exposure, Comparator, and
Outcome (PECO) framework.

Population: Preterm infants diagnosed with BPD.
Exposure: Presence of PH diagnosed by standard
criteria.

Comparator: Infants without PH.

Outcomes: Long-term neurodevelopmental outcomes
assessed at 212 months corrected age, including
cognitive, language, or motor development.

We included both observational cohort studies and
secondary analyses of randomised trials. Studies were
excluded if they did not provide separate data for
PH versus non-PH groups, reported outcomes only
during hospitalization, or lacked sufficient data for
quantitative synthesis. Case reports and animal studies
were also excluded.
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Inclusion & Exclusion Criteria: All retrieved records
were imported into the reference management soft-
ware. Duplicate records were removed electronically.
Two independent reviewers then screened the titles
and abstracts of all records to assess their relevance
to the clinical question. Articles which seemed poten-
tially eligible after the initial screening underwent a

thorough full-text review. Any disagreements between
reviewers were resolved via discussion.

Data extraction: Data extraction was performed
independently by two reviewers. The variables
extracted were: author, year of publication, country
of study, study design, sample size, gestational age,
severity, PH definition, age at neurodevelopmental

rl'—"ll
- Records identified from:
] PubMed (n=371); Records removed before
E Embase (n=424); screening:
= Web of Science (n=235); —» Duplicate records removed
T Scopus (n=451) (n=990)
] (Total=1481)
Reconds scroened Ii?::dni:xcluded due to non-
(n=491) (n=469)
Reports sought for retrieval Reports not retrieved
2 (n=22) (n=0)
£
: '
n Reports excluded:
= Review articles (n=2)
ﬁipz??gts assessed for eligibility Not reporting long term
outcomes (n=13)
° s : :
2 Studies included in review
3 (n=7)
[}
=

Fig.1: Study flowchart.
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assessment, assessment instrument used, and reported
neurodevelopmental outcomes. For continuous
variables, the mean and standard deviation (SD) of
cognitive, language, and motor scores were extracted
from the studies. When studies presented data as
medians with interquartile ranges or ranges, they
were converted into mean and SD. For dichotomous
outcomes, the number of infants with adverse
neurodevelopmental outcomes and the total number
sample size was extracted.

Risk of bias assessment: The quality of the studies
was judged using the Newcastle-Ottawa Scale.” It has
three domains: selection of participants, comparability
between groups, and outcomes assessment. Studies
with scores >7 were marked as moderate to high
quality. Assessment was carried out independently by
two reviewers, and any disagreements were resolved
through discussion.

Statistical analysis: Meta-analyses were conducted

using random-effects models. For continuous
neurodevelopmental  outcomes, we  generated
standard mean differences (SMDs) with 95%

confidence intervals (CIs) i.e. for cognitive, language,
and motor scores. Negative SMD values suggested
worse neurodevelopmental performance in infants
with PH. For dichotomous outcomes, we calculated
odds ratios (ORs) with 95% ClIs to compare the risk
of adverse neurodevelopmental outcomes between

the PH and non-PH groups. Studies without separate
PH-stratified data were excluded from this analysis.
Heterogeneity was assessed using Cochran’s Q test
and the 12 statistic, with I2 values of 0-25% considered
low, 26-50% moderate, and over 50% substantial
heterogeneity. A two-sided p value <0.05 was deemed
statistically significant. All analyses were performed
using ‘R’ software.

RESULTS

The study flowchart is shown in Fig.1. The search
of all databases led to 1481 articles. After excluding
duplicates, 491 studies remained. Twenty-two
studies were selected for full-text analysis. Seven
fulfilled the inclusion criteria.®!%**!> There were no
disagreements between the reviewers for inclusion
of the studies.

The included studies were published between
2016 to 2024. There were six retrospective cohort
studies and one prospective cohort study (Table-I).
The studies were from Japan, South Korea, Canada,
the United Kingdom, and the United States. All
studies were on very or extremely preterm infants,
with gestational ages < 28 weeks or <32 weeks.
PH was mostly diagnosed via echocardiography.
One study diagnosed late-onset PH as one needing
pharmacological intervention beyond 36 weeks’

Random-effects Meta-analysis of Cognitive Scores

Makanishi 2016 - .

& -0.30 (-0.81, 0.21)

i -0.62 (-1.13, -0.10)

Choi 2019 F

MacKenzie 2020 - F i

Baczynski 2021

Pooled effect

-0.89 (-1.38, -0.40)

-0.17 {-0.53, 0.20)

-0.47 (-0.81, -0.14)

T T T T T T T
-16 -14 -12 -10 -08 -06 -04 -0.2 0.0
Standardized Mean Difference (Hedges g)

Fig.2: Meta-analysis of cognitive scores between PH and non-PH groups with BPD.
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of corrected age. Neurodevelopmental follow-up
assessments were conducted at or beyond 18 months
of corrected age in all studies. In one cohort study,
the follow-up was three years. Sample sizes varied
considerably. Neurodevelopmental outcomes were
evaluated using validated instruments, mostly using
the Bayley Scales of Infant and Toddler Development
(Bayley-III). Other tools used were the Kyoto Scale of
Psychological Development and composite measures
that integrated standardized screening instruments.
The risk of bias analysis of the included studies is
shown in Supplementary Table-II. Three studies
received a score of six, three received a score of seven,
and only one received a score of nine.

Four studies reported data for meta-analysis of
cognitive outcomes. Infants with PH had significantly
lower cognitive scores compared to those without PH
(SMD -0.47, 95% CI -0.81 to —-0.14, I*=0%) (Fig.2). All
included studies showed similar results, with lower
average cognitive scores in the PH group. Four studies
reported data on the language outcomes analysis.
The meta-analysis showed a significant reduction in
language scores among infants with PH versus those
without PH (SMD -0.28, 95% CI -0.50 to —0.05, I>=0%)
(Fig.3). The direction of this outcome was also consistent
across studies. Data on motor outcomes were reported
by four studies. The pooled analysis showed that PH
was associated with significantly lower motor scores

(SMD -0.50, 95% CI -0.73 to —-0.28, I>=0%) (Fig.4). All
studies showed poorer motor performance in the PH
group.

Five studies provided PH-stratified dichotomous
data on adverse long-term neurodevelopmental
outcomes. Meta-analysis showed that the presence of
PH was associated with a significantly increased risk
of adverse neurodevelopmental outcomes compared to
no PH (OR 2.80, 95% CI 1.57 to 4.98, I>=49%) (Fig.5).

DISCUSSION

This systematic review and meta-analysis showed
a significant association between PH and poor long-
term neurodevelopmental outcomes in preterm infants
with BPD. Meta-analysis of continuous data showed
that infants with PH had significantly lower cognitive,
language, and motor scores compared to those without
PH. Meta-analysis of dichotomous data also supported
these results and showed that PH was linked with a
higher risk of adverse neurodevelopmental outcomes.
Low heterogeneity was noted in continuous data meta-
analysis indicating some reliability of findings.

PH is a serious complication associated with BPD.
It signifies the close relationship between impaired
lung development and pulmonary vascular disease in
extremely preterm infants.’ A previous meta-analysis
has shown that PH occurs in about 20% of preterm
infants with BPD. The prevalence also increases

Random-effects Meta-analysis of Language Scores

Nakanishi 2016

Choi 2019 - .

MacKenzie 2020

Baczynski 2021 A

Pooled effect

T T T T T T T
—=1.75 =150 =1.25 =100 -—0.75 -0.50 -—-0.25

[ & -0.18 (-0.69, 0.32)
& -0.51 (-1.02, 0.00)
@ -0.28 (-0.75, 0.19)
& -0.21 (-0.58, 0.16)
’ -0.28 (-0.50, -0.05)
0.00
Standardized Mean Difference (Hedges g)

Fig.3: Meta-analysis of language scores between PH and non-PH groups with BPD.
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significantly as the severity of the condition worsens,
reaching nearly 40% in severe BPD." In BPD, disrupted
formation of alveoli is accompanied by abnormal
growth of pulmonary blood vessels, decreased
vascular density, and adverse vascular remodelling.
These changes lead to increased resistance in the
pulmonary vessels and higher pulmonary arterial
pressures. It can be worsened by prolonged mechanical
ventilation, oxygen toxicity, and inflammatory injury.
Such abnormalities in the pulmonary blood vessels
lead to respiratory and heart-related events, increased
risk of death, low oxygen levels, and changes in overall
blood flow.>'” A number of risk factors related to the
perinatal period, birth, and growth have been identified
for the development of PH in infants with BPD. These
include oligohydramnios, lower gestational age, lower
birth weight, small for gestational age status, neonatal
respiratory distress syndrome, sepsis, and severe BPD.
On the other hand, exposure to antenatal steroids may
reduce this risk.'®

PH with BPD has been shown to affect short-term
clinical outcomes in infants. In a recent review,?
infants with PH and BPD showed significantly higher
rates of in-hospital complications, like mortality,
prolonged respiratory support, higher dependence
on supplemental oxygen, and need for pulmonary
vasodilator therapy. These short-term adverse
outcomes suggest that pulmonary vascular disease
has a major effect on lung gas exchange, right heart

function, and overall health progression in infants
with advanced BPD.?> While early cardiovascular and
respiratory effects of PH in BPD have been noted, its
long-term effects beyond the neonatal period are not
completely understood. Building on these short-term
findings, the current study further adds that PH in
preterm infants with BPD may also be linked with
worse long-term neurodevelopmental outcomes,
including lower scores in cognitive, language, and
motor domains.

In comparison, other literature also supports an
association between PH and adverse long-term
neurodevelopmental outcomes. A  prospective,
population-based cohort study using the EPIPAGE-2
data has shown that extremely and very preterm
children with prior history of neonatal PH exhibited
significantly higher incidences of moderate to severe
neurodevelopmental disabilities at five years of age.
These included higher rates of cerebral palsy, cognitive
impairments, and developmental coordination
disorders vs preterm peers without PH (36.9% versus
17.9%, P<0.001)." Another study from term and near-
term children with persistent PH of the newborn, has
shown high prevalence of developmental abnormalities.
Nearly 50% of children had scored within pathological
ranges of at least one domain of the Ages and Stages
Questionnaire at follow-up period of 1-5 years and
there were impairments noted in communication
and personal-social skills.*® A retrospective, single-

Random-effects Meta-analysis of Motor Scores

Makanishi 2016 - f

Chei 2019 4

MacKenzie 2020 A F

Baczynski 2021 - F

Pooled effect
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® -0.36 (-0.87, 0.15)
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‘ -0.50 (-0.73, -0.28)
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Fig.4: Meta-analysis of motor scores between PH and non-PH groups with BPD.
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Supplementary Table-I: Search strategy.
PubMed (MEDLINE)

(“Bronchopulmonary Dysplasia”[Mesh] OR bronchopulmonary dysplasia OR BPD) AND (“Pulmonary
Hypertension”[Mesh] OR pulmonary hypertension OR PH) AND (“Infant, Premature”[Mesh] OR preterm
OR premature OR very preterm OR extremely preterm) AND (“Neurodevelopmental Disorders”[Mesh] OR
neurodevelopment* OR neurodevelopmental outcome* OR neurodevelopmental impairment OR developmental
delay OR cognitive outcome* OR motor outcome* OR language outcome* OR Bayley OR “Bayley Scales”).

Embase

(‘bronchopulmonary dysplasia’/exp OR bronchopulmonary dysplasia OR BPD) AND (“pulmonary hypertension’/
exp OR pulmonary hypertension OR PH) AND (“premature infant’/exp OR preterm OR premature OR extremely
preterm) AND (‘neurodevelopmental disorder’/exp OR neurodevelopment* OR neurodevelopmental outcome*
OR neurodevelopmental impairment OR developmental delay OR cognitive outcome* OR motor outcome* OR
language outcome* OR bayley).

Web of Science

TS=(("bronchopulmonary dysplasia” OR BPD) AND (“pulmonary hypertension” OR PH) AND (preterm OR
premature OR “very preterm” OR “extremely preterm”) AND (neurodevelopment* OR neurodevelopmental
outcome* OR neurodevelopmental impairment OR developmental delay OR cognitive outcome* OR motor
outcome* OR language outcome* OR bayley)).

Scopus

TITLE-ABS-KEY ((“bronchopulmonary dysplasia” OR BPD) AND (“pulmonary hypertension” ORPH) AND (preterm
OR premature OR “very preterm” OR “extremely preterm”) AND (neurodevelopment* OR neurodevelopmental
outcome* OR neurodevelopmental impairment OR developmental delay OR cognitive outcome* OR motor outcome*
OR language outcome* OR bayley).

Random-effects Meta-analysis: Adverse Neurodevelopmental Qutcome

Nakanishi 2016 - f B 4.37 (1.16, 16.46)
Choi 2019 - f 2 7.50(2.22, 25.38)
Thomas 2023 . & i 1.44 (0.76, 2.75)
Branescu 2024 [ & ! 1.88 (0.72, 4.88)
Kim 2024 - F & { 3.56 (1.69, 7.50)
Pooled effect - ’ 2.80 (1.57, 4.98)
Im” | - Iml

Odds Ratio {log scale)

Fig.5: Meta-analysis of risk of adverse neurodevelopmental outcome between PH and non-PH groups with BPD.
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Supplementary Table-II: Risk of bias analysis

Study Selection Comparability Outcome Total
Nakanishi 2016 * %k % (3) * ¥ (1) * %% (2) 6/9
Choi 2019 * k% (3) * ¥ (1) * %% (2) 6/9
MacKenzie 2020 * %k k¥ (3) * %k (2) * %% (2) 7/9
Baczynski 2021 * ok k% (3) * % (2) * k% (2) 7/9
Thomas 2023 * %k ¥ (3) * % (2) * k% (2) 7/9
Branescu 2024 ok k¥ (3) * % (1) k% (2) 6/9
Kim 2024 *kkk (4) * % (2) * k% (3) 9/9

center study? conducted on infants born before 30
weeks’ gestation has noted that higher grades of BPD
(Grades 2 and 3), which more frequently co-occurred
with late PH, were significantly associated with higher
risk of adverse neurodevelopmental outcomes. These
findings show that PH may lead to severity-dependent
neurodevelopmental risks, particularly in children
with advanced BPD.

There are various mechanisms by which PH may
contribute to the development of adverse outcomes in
BPD. Current evidence shows that PH associated with
BPD affects the pulmonary vascular development,
leading to impaired angiogenesis, decreased capillary
density, endothelial dysfunction, and abnormal
smooth muscle cell proliferation.® These vascular
changes can cause an increase in pulmonary vascular
resistance and lead to persistent pressure on the right
ventricle, thereby compromising cardiopulmonary
reserve and leading to chronic hypoxemia.*?
Prolonged hypoxemia, with fluctuations in
cerebral oxygen supply during key stages of brain
development, could adversely affect neuronal
growth, myelination, and synapse formation.>®
Furthermore, extended invasive ventilation, oxygen
toxicity, and systemic inflammation which is often
required in infants with severe BPD and PH, can
worsen neuroinflammatory responses and oxidative
stress, leading to brain injury.>®* Several studies
also suggest that changes in systemic perfusion and
reduced cardiac output in these infants might limit
cerebral blood flow, thereby increasing the risk of
ischemic or hypoxic damage.'**

Limitations: Most studies were observational in
nature which limits our ability to establish causality.
The present results should therefore be interpreted
as only an association between the two. Moreover,
we cannot exclude the risk of residual confounding.
Infants with PH are a subgroup with more severe
underlying BPD and therefore with greater
overall clinical instability. Factors like prolonged
mechanical ventilation, extended oxygen exposure,
recurrent hypoxemia, systemic inflammation, sepsis,

Pak J Med Sci

July 2026 Vol. 42 No.7

impaired growth, and other prematurity-related
comorbidities may independently contribute to
adverse neurodevelopmental outcomes. Therefore,
PH may in part function as a marker of overall disease
severity of BPD rather than an isolated risk factor of
impaired neurodevelopment. The assessment of PH
neurodevelopmental outcomes also differed among
studies. There were differences in the instruments
and definitional criteria employed and could lead to
heterogeneity and misclassification bias. Additionally,
several continuous variables were converted from
median to means and SD, potentially introducing
calculation errors. Overall, only seven studies were
available in the literature and data on dichotomous
PH-stratified events was available only from a subset
of studies, thereby reducing the statistical power.
Another limitation is that only crude data was pooled
and adjusted estimates were not available across
studies. Lastly, data on critical variables like timing
and severity of PH, treatment protocols, and long-
term follow-up beyond early childhood, were scarce.
This prevented a more detailed subgroup analyses.

Strength of the study: It is the most updated review
assessing long-term neurodevelopmental impact
of PH in BPD patients. A thorough literature search
was conducted to include seven recent publications.
The findings of this meta-analysis indicate that PH
can be a marker to identify a high-risk subgroup
of preterm infants with BPD who may have worse
neurodevelopmental outcomes in the long term. Both
physicians and nursing personnel can be involved in
early detection and systematic surveillance for PH in
infants with moderate to severe BPD. Such patients
may benefit from more thorough cardiopulmonary
management and require regular screening
for future neurodevelopmental impairments.
Multidisciplinary follow-up strategies involving
physicians, pulmonologists, nursing personnel that
combine cardiopulmonary monitoring with early
developmental assessments and interventions, may
improve long-term functional outcomes in such
patients.

www.pjms.org.pk 1867



CONCLUSIONS

PH in preterm infants with BPD seems to be
associated with significantly poorer long-term
neurodevelopmental outcomes, including lower
cognitive, language, and motor scores, as well as
a higher risk of neurodevelopmental impairment.
However, due to the observational nature of the
evidence and the potential of residual confounding,
these findings should not be interpreted as
establishing a direct causal effect of PH on
neurodevelopment. Further research is needed to
strengthen the findings.
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