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Maldevelopment of the Immature Pulmonary Vasculature and
Prolonged Patency of the Ductus Arteriosus: Association or Cause?

Nearly half to two-thirds of extremely preterm infants (,28 weeks
of gestation) have moderate to large patent ductus arteriosus (PDA)
shunts, which may lead to sustained exposure to excessive pulmonary
blood flow (Qp) for days to weeks (1). Natural history studies of
extremely preterm infants report a median time of PDA closure
of 72 days (2). The association of PDA and bronchopulmonary
dysplasia (BPD) is well documented; recent evidence highlights the
increased likelihood of the most severe forms of BPD in patients with
both prolonged mechanical ventilation and exposure to a large PDA
(3) (Figure 1). The relationship of prolonged PDA exposure to
pulmonary vascular maldevelopment, however, and its most severe
form, pulmonary arterial hypertension (PAH), although biologically
plausible, has received little scientific investigation. Almost 70 years
ago, Hultgren and colleagues first reported the development of PAH,
on either cardiac catheterization or autopsy, in eight patients after
prolonged PDA exposure (4). Randomized clinical trials to date have
focused exclusively onmodulation of BPD, without any consideration
of the impact on the immature pulmonary vascular bed or risk of
PAH. Therefore, the direct effect of a prolonged PDA shunt, indirect
effects through BPD development, andmodulator effects of PDA
treatment on pulmonary vascular remodeling and PAH remains
unknown.

In this issue of the Journal, Gentle and colleagues (pp. 921–928)
report a possible association between prolonged PDA exposure and
PAH in a cohort of preterm infants, born at less than 28 weeks’
gestational age, who remained on assisted respiratory support on
Postnatal Day 28 (5). After adjustment for relevant covariates (birth
weight, FIO2

on Day 28), both PDA (adjusted odds ratio [aOR], 4.29;
95% confidence interval [CI], 1.89–9.77) and moderate to large
PDA (aOR, 4.15; 95% CI, 1.78–9.64) were strongly associated
with BPD–PAH at discharge. In addition, by probit analysis, each

additional month of PDA exposure was associated with increased
probability for the primary outcome of death or BPD–PAH at
discharge. In an era when an increased number of clinicians have
adopted a conservative approach to PDA, the implications at first
glance may appear alarming. Although the findings are biologically
plausible, several pathophysiologic factors need consideration before
causality may be implied.

First, the interplay among pulmonary arterial pressure (PAP),
Qp, and pulmonary vascular resistance (PVR) in neonatal PAH is
explained by the equation PAP=PVR3Qp1 left atrial pressure.
Therefore, in the setting of prolonged PDA exposure, PAHmay relate
to developmental (pulmonary vascular remodeling and elevated
PVR) or physiologic (excessive Qp and/or left atrial hypertension)
factors (Figure 1). Although the latter is potentially modifiable with
elimination of the ductal shunt, the former, which forms the basis of
the authors’ supposition, may be less amenable to pharmacological
modulation. The relationship among oxygen exposure, target
oxygen saturation, and ambient PaO2

is an additional, and poorly
investigated, consideration in the setting of prolonged PDA shunt
exposure. Intermittent or sustained periods of hypoxia, oftentimes
followed by hyperoxia, may contribute to both pulmonary vascular
injury and ongoing ductal patency (6). In addition, in the setting of
a high-volume PDA shunt, oxygen saturation, which is a surrogate
for hyperoxia exposure, is not a reliable determinant of oxygen free
radical–mediated lung endothelial injury. Pulmonary overcirculation
from left-to-right shunts, as observed with a large, unrestricted
ventricular septal defect (VSD), is associated with excessive shear
stress, leading to high risk of increased PVR and PAH (7).
In addition, pulmonary arterial oxygen saturation (SpaO2

) is
increased in the setting of either PDA or VSD, thereby reducing
the denominator in the shunt calculation: Qp/systemic blood
flow= (SaO2

2mixed venous oxygen saturation)/(pulmonary venous
oxygen saturation2 SpaO2

). Such high SpaO2
may potentially enhance

Qp and contribute to oxygen toxicity and endothelial dysfunction,
resulting in PAH (7). It is therefore possible that high SpaO2

and
high pressure in infants with large PDAsmight promote pulmonary
vascular disease and PAH. Of importance, pressure- or stretch-
induced vasoconstriction, known as the myogenic (or Bayliss)
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response (8), plays an important physiologic role in the maintenance
of high PVR and time-dependent autoregulation of Qp in the normal
fetus. Experimental models of intrauterine chronic pulmonary
hypertension, induced by PDA closure, lead to abolition of flow-
induced vasodilation and increased myogenic response, thereby
contributing to abnormal vasoreactivity (9). It is therefore plausible
that pulsatile flow–induced endothelial injury, because of prolonged
PDA shunt exposure, mediates an enhanced myogenic response and
hypertensive remodeling independent of oxygen tension. It is not
possible to determine the relative contribution of flow-driven
(modifiable with PDA closure) versus resistance-driven (candidate
for pulmonary vasodilator therapy) within the present study design.
For example, the presence of right-to-left transductal flow is not
universally pathognomonic of resistance-driven PAH andmay
be seen in patients with excessive Qp. Advanced hemodynamic
evaluation using cardiac catheterization may provide additional
insights regarding these two distinct phenotypes.

Second, the independent effects of severity of BPD and duration
of PDA exposure are difficult to tease out in this study design.

Although PDA and BPD are often biological cotravelers, because
of the increased likelihood of prolonged oxygen and exposure and
duration of mechanical ventilation, the direct effects of BPD on
pulmonary arterial remodeling and impaired angiogenesis are
important mechanistic considerations. Systematic reviews
suggest that 20% (95% CI, 14–25%) of preterm infants with BPD
develop PAH (10). In addition, the severity of BPD correlates
well with the incidence of PAH. A recent observational study
demonstrated that both severity of BPD and exposure to PDA for
.28 days were independently associated with increased risk of
PAH (11).

Several animal experimental models and recent human
observations, however, provide compelling evidence of PDA-
attributable pulmonary vascular disease. Increased Qp and PAP,
secondary to endothelial injury, have been demonstrated in neonatal
lambs after in utero placement of a shunt between the aorta and the
main pulmonary artery (12). Pulmonary vascular remodeling is also
evident by 4 weeks, with increased medial thickness of pulmonary
arteries of,200 μm in diameter. Endothelial injury secondary to
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increased Qp and shear stress alters the production of vasoactive
substances such as nitric oxide, further promoting increased risk
of PAH development (13). Invasive pulmonary hemodynamic
evaluation in infants undergoing interventional PDA closure revealed
that infants with prolonged PDA exposure (.8 wk postnatally) had
evidence of elevated PVR (14).

In summary, although causality should not be assumed, the
observations of Gentle and colleagues (5) highlight the importance
of enhanced surveillance for PAH in high-risk preterm infants
with prolonged PDA exposure and lay the foundation for future
mechanistic investigation. The risk of future PAH from prolonged
ductal patency must be taken into consideration when contemplating
definitive (catheterization-based or surgical closure) therapy for PDA.
In addition, there is an urgent need to integrate PAH as an important
outcome in clinical trials of PDAmanagement.�
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Promise and Peril of Pretomanid–Rifamycin Regimens for
Drug-susceptible Tuberculosis

Facilitated by the coronavirus disease 2019 (COVID-19) pandemic,
global tuberculosis (TB) incidence and mortality increased in 2021,
reversing years of progress toward global targets (1). Now, as much as

ever, investments are needed to improve TB treatment outcomes,
curb transmission, and make lengthy and toxic treatment courses
shorter, safer, andmore tolerable. Recent advances from randomized
controlled trials represent an important step in this direction. For
adolescents and adults with drug-susceptible pulmonary TB, Study
31/A5349 (NCT02410772) showed that a 4-month regimen of
isoniazid, rifapentine, pyrazinamide, and moxifloxacin was
noninferior to the 6-month standard of care regimen of isoniazid,
rifampin, pyrazinamide, and ethambutol (2), earning guideline
endorsements by theWorld Health Organization and the U.S.
Centers for Disease Control and Prevention (3, 4). The substitution
of moxifloxacin for ethambutol was key to the noninferiority of the
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