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Abstract—Preterm birth accounts for over 15 million global births per year. Perinatal interventions introduced since the
early 1980s, such as antenatal glucocorticoids, surfactant, and invasive ventilation strategies, have dramatically improved
survival of even the smallest, most vulnerable neonates. As a result, a new generation of preterm-born individuals
has now reached early adulthood, and they are at increased risk of cardiovascular diseases. To better understand the
sequelae of preterm birth, cardiovascular follow-up studies in adolescents and young adults born preterm have focused
on characterizing changes in cardiac, vascular, and pulmonary structure and function. Being born preterm associates
with a reduced cardiac reserve and smaller left and right ventricular volumes, as well as decreased vascularity, increased
vascular stiffness, and higher pressure of both the pulmonary and systemic vasculature. The purpose of this review
is to present major epidemiological evidence linking preterm birth with cardiovascular disease; to discuss findings
from clinical studies showing a long-term impact of preterm birth on cardiac remodeling, as well as the systemic and
pulmonary vascular systems; to discuss differences across gestational ages; and to consider possible driving mechanisms
and therapeutic approaches for reducing cardiovascular burden in individuals born preterm.
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reterm birth (<37 weeks’ gestation) affects over 10% of

live births, with rates ranging from 5% to 18% world-
wide.! Nearly 85% of these births globally are moderate-to-
late preterm (32 to <37 weeks’ gestation), whereas =10% are
very preterm (28 to <32 weeks’ gestation) and 5% extremely
preterm (<28 weeks’ gestation).! Major advances in perinatal
care since the 1980s have led to a dramatic increase in survival
rates of even the most premature neonates, and now overall
survival exceeds 95% in developed countries.> Accordingly,
there is a large cohort of preterm-born survivors across ges-
tational age categories now reaching adulthood. In spite of
improvements in medical care, preterm-born individuals are
at greater risk of all-cause mortality in young adulthood,’ as
well as cardiometabolic diseases, including type 1 and 2 dia-
betes mellitus,* hypertension,® pulmonary vascular disease,**
early heart failure,’ and ischemic heart disease.!’

Preterm birth occurs during a key period of cardiovascular
development, leading to an early physiological shift to a rel-
atively hyperoxic environment with increased systemic and
decreased pulmonary vascular resistance. As a result, animal
and clinical studies across developmental stages have focused
on observational and mechanistic insights into cardiovascular

changes related to prematurity that may contribute to short- and
long-term risk of disease (Figure 1). In this review, we present
the latest epidemiological and observational data in humans
investigating the cardiovascular impact of being born preterm,
broken down into sections covering the cardiac, systemic vas-
cular, and pulmonary vascular systems, highlighting differences
in disease risk across gestational ages (Figure 2). We then go on
to describe animal and experimental models that have provided
mechanistic insights for these unique phenotypic alterations.
Given the large proportion of the population born preterm and
the strong evidence showing increased long-term cardiovas-
cular risk, the final section of the review provides a framework
for considering clinical screening and evaluation.

Late Sequelae and Future Cardiovascular
Disease Risk

Early Heart Failure and Young Adult Ischemic
Heart Disease Risk: an Independent Effect of
Gestational Age?

In 2017, Carr et al’ published a register-based cohort study of
2665 542 individuals born in Sweden from 1987 to 2012 to
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Figure 1. Summary of long-term
cardiovascular sequelae of preterm birth. RAS
indicates renin-angiotensin system.
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determine the association between preterm birth and the risk
of incident heart failure. Individuals were followed up from 1
year of age until December 31, 2013, with a total follow-up
time of 34.8 million person-years and 501 cases of heart
failure. After individuals born with potentially confounding
malformations were excluded, there were 305 heart failure
cases and a follow-up of 34.2 million person-years. Incidence
rates of heart failure were inversely related to gestational age
at birth, with a 17-fold increased risk in those born extremely
preterm compared with those born at term even after adjust-
ment for maternal characteristics, subject sex, birth period,
and birth weight for gestational age. While the adjusted risk
of incident heart failure was 3.6x higher in subjects born very
preterm compared with term, there was no significant in-
crease in the risk of heart failure for subjects born moderate-
to-late preterm.

Crump et al'® published a similar register-based cohort
study in 2019 to investigate the association between prematu-
rity and increased risk of ischemic heart disease in adulthood.
A total of 2141709 individuals born in Sweden as singleton
live births between 1973 and 1994 were included, with fol-
low-up until the end of 2015. The total follow-up time was
30.9 million person-years, with 1921 individuals receiving
a diagnosis of ischemic heart disease. Gestational age was
inversely associated with ischemic heart disease risk across
ages 18 to 43 years, including a strong association among
individuals born late preterm. The strength of this relation-
ship was higher in those individuals currently 30 to 43 years
of age; interestingly, both preterm birth and early-term birth

(37-38 weeks’ gestation) were associated with increased rel-
ative risks of ischemic heart disease (53% and 19%, respec-
tively) compared with individuals born full term between 39
to 41 weeks’ gestation.

Structural and Functional Cardiac Remodeling
The third trimester is a period of rapid cardiac growth, pri-
marily driven by cardiomyocyte hyperplasia. Birth results in
a switch in cardiomyocyte growth from a fetal hyperplastic
to a neonatal hypertrophic response.'' A recent meta-analysis
investigating cardiac differences between preterm-born and
term-born individuals demonstrated that individuals born pre-
term have morphological and cardiac functional impairments
across all developmental stages including neonatal life, in-
fancy, childhood, and into young adulthood.'? These under-
lying cardiac differences in structure and function that are
apparent as early as neonatal life may make the preterm heart
more susceptible to heart failure and ischemic heart disease.'?
The first study to investigate the cardiac impact of being
born preterm in young adulthood was done using cardiovas-
cular magnetic resonance (CMR) in 234 individuals, of whom
102 were born preterm with an average gestational age of 30
weeks.!* Preterm-born individuals had smaller left ventricular
(LV) end-diastolic volumes, smaller internal LV cavity dimen-
sions and lengths, as well as greater LV wall thickness and
mass. These cardiac changes were independent of differences
in body size and blood pressure between groups. Through
the use of a novel computational atlas created from CMR
images, it was found that the primary morphological feature

Category Definition
Gestational age categories weeks*days
Extremely preterm birth <28*0

Very preterm birth 28*0to 31+6

Moderate to late preterm birth 32+0to 366

Term birth >37+0

Disease Risk

Figure 2. Gestational age categories.
Cardiovascular disease risk determined from
large population-based studies increases with
the degree of prematurity.
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contributing to the lower LV end-diastolic volumes was the
reduction in LV length. Though the preterm-born young adults
had no differences in LV ejection fraction, LV longitudinal
systolic strain and strain rate, as well as diastolic strain rate,
were reduced. In the same cohort of participants, right ven-
tricular (RV) end-diastolic volumes were also lower and RV
mass higher in preterm-born compared with term-born young
adults, which could not be accounted for by differences in
body size.'s Unlike in the LV, RV ejection fraction was lower
in the preterm group, with 6% of young adults having values
below the clinical normal range (<45%). Preterm-born young
adults also had lower RV systolic strain and strain rates, as
well as diastolic strain rate.

Similar findings have been reported in an independent co-
hort of 101 normotensive young adults, of whom 47 were born
preterm with an average gestational age of 33 weeks.'® Using
echocardiography, the study showed that preterm-born young
adults had smaller LV end-diastolic volumes and dimensions
and increased LV mass indexed to body size, as well as im-
paired longitudinal systolic strain. In the same cohort, body
size indexed RV end-diastolic areas and volumes for echocar-
diography and CMR were lower in preterm-born individuals,"”
with RV CMR revealing higher RV mass, lower RV ejection
fraction, and a unique 3-dimensional geometry by computa-
tional atlas formation in those born preterm. Measurements
of RV function by echocardiography, including RV fractional
area of change and tricuspid annular plane systolic excursion,
were lower in preterm-born compared with term-born young
adults, with RV changes remaining significant when adjusting
for pulmonary function parameters by spirometry.

Although the findings of reduced LV and RV volumes
and dimensions are consistent across studies in adolescence
and young adulthood,'*? differences in mass are less con-
sistent. While some studies using both CMR!*!>17 and ech-
ocardiography'®'® have reported higher LV and RV mass in
preterm-born young adults compared with term-born controls,
others have reported lower mass in those born preterm.'2' A
recent study using CMR in a group of 40 normotensive ado-
lescents, of which 20 were born preterm with an average ges-
tational age of 28 weeks, and 70 normotensive young adults,
of which 38 were born preterm with an average gestational
age of 29 weeks, showed that both LV and RV end-diastolic
and stroke volumes were lower in the preterm groups, as was
LV mass when indexed to body size.?® Interestingly, LV lon-
gitudinal systolic strain was higher in the preterm-born young
adults in this study, as were RV longitudinal systolic and di-
astolic strain parameters. Further work is needed to explore
these differences, taking into account variability in perinatal
characteristics and interventions, as well as lifestyle factors
throughout development, such as exercise activity level, soci-
oeconomic status, and diet. How the heart will remodel with
the development of other risk factors associated with preterm
birth, such as pulmonary and systemic hypertension and obe-
sity,”? remains to be determined and may account for some
of the variability in results. Part of this variability in hyper-
trophic response may also be due to changes in perinatal clin-
ical management, which have rapidly evolved in the 1980s
and 1990s. Moreover, the most premature individuals, such
as those born at <28 weeks’ gestation, may have the lowest

cardiac endowment and thus the fewest overall number of car-
diomyocytes. As such, cardiac mass may remain lower even if
the individual cardiomyocytes are hypertrophied. Individuals
born less premature, such as those born around 32 weeks’ ges-
tation, may have the same early hypertrophic stimuli to in-
crease cardiomyocyte size but are also more likely to have a
greater total number of cardiomyocytes due to longer in utero
development, which may ultimately drive higher mass relative
to term-born controls (Figure 3).

The observed underlying changes in cardiac structure
and function in preterm-born young adults may reduce their
myocardial functional reserve such that they are less able to
cope with acute and chronic stressors. Huckstep et al'® tested
the acute stress response by performing both resting and ex-
ercise echocardiography measures with prescribed intensities
during exercise based on maximal cardiopulmonary exercise
testing. While LV ejection fraction did not differ between the
groups at rest, it was significantly lower at 60% intensity and
further declined compared with term-born control values at
80% intensity. This impairment in myocardial functional re-
serve was also a predictor of the widely reported lower peak
maximal oxygen consumption and delayed heart rate recovery
in preterm-born young adults.?*?* Similarly, Goss et al*® dem-
onstrated using right heart catheterization that preterm-born
young adults had an impaired ability to increase cardiac index
and stroke volume from rest to 70% of maximum exercise
capacity determined during invasive cardiopulmonary exer-
cise testing. These studies support the idea that preterm-born
young adults have impairments in both LV and RV myocardial
functional reserve, which is likely to increase susceptibility to
heart failure later in life, particularly with additional insults
such as hypertension or myocardial infarction.

Do Systemic Vascular Effects Explain Increased
Hypertension Risk in People Born Preterm?

The link between preterm birth and higher blood pressure is
now clearly established. Crump et al’ showed in a cohort of
636552 individuals born between 1973 and 1979 followed
to age 25 to 37 years that being born preterm results in an
increased relative rate of antihypertensive medication pre-
scription, which increased monotonically with the degree of
prematurity and was independent of fetal growth restriction.
Recent meta-analyses showed that preterm-born adolescents
and young adults had a systolic blood pressure of +3.4 to 4.2
mmHg and diastolic blood pressure of +2.1 to 2.3 mmHg
compared with term-born peers.”** Interestingly, women
seem more affected than men.”’ A population-based study
further showed that women born preterm, particularly if they
were born at <32 weeks’ gestation, have an increased risk of
pregnancy-induced hypertension.?

Preterm birth may disrupt or even prematurely arrest de-
velopment of the vasculature, impacting both vessel structure
and organogenesis.”” Abnormal placentation and altered in
utero vascular remodeling and angiogenesis are also com-
monly associated with preterm delivery* and may lead to ab-
normal vascular development in the offspring. Furthermore,
interrupted vascular tree development is a key component of
several major prematurity-related complications, including
bronchopulmonary dysplasia and retinopathy of prematurity.*!
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Figure 3. Examples of short-axis end-diastolic cardiac images acquired using cardiovascular magnetic resonance from 3 young adult men born at different
gestational ages. A 27-y-old man born at 26*' weeks’ gestation (extremely preterm; A); a 27-y-old man born at 32+5weeks’ gestation (moderately preterm; B);
and a 28-y-old man born at 40*° weeks’ gestation (term; C). The extremely preterm—born young adult man (A) has the smallest left ventricular (LV) end-diastolic
volume index and the lowest LV mass index. Wall thickness is greatest in the moderately preterm-born young adult man (B), with visible relative hypertrophy.
The young adult man born at term (C) has a higher LV end-diastolic volume index than both individuals born preterm, with an LV mass between the two.

Growth of the aorta is reduced in preterm infants compared
with intrauterine development.® Overall, it can be postulated
that preterm birth results in a restricted vascular bed, narrowed
and stiffer arteries, all predisposing to endothelial dysfunction
and arterial hypertension.

In several studies in young adults born extremely preterm,
the lumen of the ascending, thoracic, and abdominal aorta
was shown to be smaller (Figure 4).3>3 For the thoracic
and abdominal aorta, these differences appear to remain even
after taking into account body size.>* Data on other major
arteries, such as the carotid and brachial arteries, are less
consistent, with studies showing no differences or smaller in-
ternal diameters.’>3 Interestingly, adjustment for body size
has shown to diminish or remove group differences in the
size of conduit arteries,”” with even slightly larger brachial
cross-sectional areas observed after adjustment in young
adults born preterm.

Arterial stiffness has been investigated in preterm-born
individuals using surrogate indices such as pulse wave ve-
locity (PWYV; reflective of conduit arterial stiffness), aug-
mentation index (the reflection pressure wave modulated by
vessel stiffness and blood pressure), and other measures of
vascular elasticity. Arterial distensibility and elasticity depend
largely on the ratio of elastin and the more rigid collagen in
arterial walls. In humans, elastin synthesis peaks toward the
end of gestation and continues into early childhood, declining
rapidly thereafter, with minimal synthesis by adulthood.?®
Disruption of elastin synthesis at the end of gestation or with
preterm birth may increase arterial stiffness as supported by
experimental models.**° Desmosine levels—an elastin break-
down product—were also elevated in a cohort of young adults
born extremely preterm, though they did not correlate with
PWYV or augmentation index.*' Boardman et al** performed a
detailed study of major systemic arteries in 102 young adults
born very preterm at an average of 30 weeks’ gestation com-
pared with 102 term-born age-matched controls. Preterm-born
young adults had increased carotid-femoral PWYV, evaluated
using 3 different methods, as well as increased augmentation
index that was inversely correlated with the smaller aortic lu-
minal area in the preterm group. However, after taking into
account blood pressure in the analysis, the differences were
markedly reduced. It is also possible that body mass index,
which was higher in the preterm-born compared with term-
born subjects, could explain a proportion of the differences
between groups as preterm-born individuals are more likely
to be obese? and obesity associates with increased arterial

stiffness from adolescence to adulthood.** In adolescents and
adults born late preterm, carotid-femoral PWV was similar to
term-born controls, whereas carotid-radial PWV was margin-
ally but significantly increased, despite higher systolic blood
pressure levels.** In a group born more prematurely (av-
erage 26 gestational weeks), Kowalski et al'® reported similar
carotid-radial PWV and augmentation index compared with
term-born controls, despite smaller aortic diameters, higher
blood pressures, and no difference in body mass index be-
tween groups. However, in a recent study by Barnard et al,*
aortic PWV was increased in 10 very preterm-born young
adults compared with 12 term-born blood pressure and body
mass index—matched controls.

Although a single study suggests diminished endothelial
function in 32 young adults born extremely preterm,*® the ma-
jority of studies performed in adolescents and young adults
born very or extremely preterm have not shown any alteration
in endothelial function associated with preterm birth evalu-
ated using brachial artery flow—mediated dilation or reactive
hyperemia index.'"*>3¢ Studies reporting carotid intima-media
thickness—an early marker of atherosclerosis and nonath-
erosclerotic remodeling—in preterm-born adolescents and
adults have consistently shown no differences compared with
term-born controls.'?3¢ In line with this, Hovi et al*® found that
carotid intima-media thickness did not differ between very
preterm and term-born adults, but because lumen diameter
was much smaller in the preterm group, carotid intima-media
thickness was increased relative to lumen diameter.

At the microvascular level, Kistner et al*’ reported that, in-
dependent of retinopathy of prematurity, retinal vascular cal-
iber and density were decreased in children and young adults
born very preterm on average at 30 weeks. Furthermore, skin
microvascular perfusion and density have been shown to be
reduced and to correlate with higher blood pressure and cir-
culating antiangiogenic factors.’>*® Reduced systemic angi-
ogenic capacity could underlie impaired vascular growth.
Neonatal exposure to high oxygen, which mimics preterm
birth-related physiological conditions, reduced in vitro an-
giogenic capacity and systemic microvascular density in
adult rats.*>° Supporting this possibility, endothelial colony—
forming cells collected from venous blood had altered in vitro
proliferation and angiogenic capacity in young adults born ex-
tremely preterm, which correlated with increased blood pres-
sure.”! Further work is needed to clarify the role of defective
vascular tree development or repair and related mechanisms,
such as epigenetic changes and accelerated senescence of
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Figure 4. Examples of axial cardiovascular
magnetic resonance images at the level of the
pulmonary artery (PA) bifurcation from 2 young
adult women born at different gestational ages
demonstrating increased PA to aorta (Ao) after
preterm birth. A 28-y-old woman born at 27+¢
weeks’ gestation (extremely preterm; PA:Ao

is 1.03; A) and a 28-y-old woman born at 40+2
weeks’ gestation (term; PA:Ao is 0.79; B).

progenitor cells,” contributing to the development of cardio-
vascular diseases in individuals born preterm.

Beyond altered vascular structure and growth, other ele-
ments may contribute to the etiology of hypertension in the
preterm-born population. Studies of children and adults born
very or extremely preterm have shown that preterm birth is
associated with altered nephrogenesis and smaller kidneys,
with the reduction in kidney size correlating with higher blood
pressure in adults.” Studies have also shown higher hemo-
globin,* evidence of sympathetic nervous autonomic system
activation,” and hypothalamus-pituitary-adrenal dysregula-
tion in preterm-born adults, which all potentially contribute
to higher blood pressure. A recent study of 101 young adults
born on average at 27 weeks’ gestation compared with 105

young adults born at term found no association between pre-
term birth and markers of inflammation and oxidative stress,
as well as no association between high blood pressure and
other cardiovascular risk factors (such as glucose intolerance,
which is also more prevalent in preterm-born individuals),
suggesting a unique mechanism to hypertension and disease
development.”’ Perinatal interventions and complications that
are common in preterm infants, including perinatal infection,
accelerated postnatal weight gain, parenteral nutrition, and
antenatal and postnatal steroids, have been shown to relate
to increased vascular stiffness and may contribute to long-
term cardiovascular remodeling.® Further work is needed
to look at the long-term effects of these early life interven-
tions. In addition, the hereditary component of hypertension
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among individuals born preterm has not yet been fully inves-
tigated. Indeed, women who had preeclamptic pregnancies
(an antecedent to 20%—-30% of preterm births) or who had
spontaneous preterm deliveries were recently shown to be at
increased risk of future cardiovascular diseases.”” Whether
genetically inherited factors add to the risk of systemic hy-
pertension related to altered organ and vascular development
and function as a result of being born preterm is plausible but
remains to be addressed.

Risk of Pulmonary Vascular Disease
In addition to the direct cardiac and systemic vascular effects
of premature birth, individuals born preterm are at increased
risk for pulmonary vascular disease as evidenced by both
epidemiological and clinical data. The initial epidemiolog-
ical data supporting prematurity as a risk factor for adult
pulmonary hypertension come from a case-control study of
adults in the Swedish pulmonary arterial hypertension reg-
istry. When compared with controls from the birth register,
matched by birth year and hospital, premature birth was as-
sociated with an odds ratio of 3.08 for adult pulmonary arte-
rial hypertension.® This relationship persisted after adjusting
for known risk factors such as congenital heart disease and
bronchopulmonary dysplasia. Further, the association was
even stronger in children and adolescents (odds ratio, 8.46),
likely reflecting improved neonatal survival of the most at-
risk individuals.”®

Recent clinical studies demonstrate the presence of mild
pulmonary hypertension in a significant percentage of ado-
lescents and young adults born moderately to extremely pre-
mature. Among 193 adolescents with an average gestational
age of 27 weeks, nearly half had a mean pulmonary artery
pressure by echocardiogram >20 mmHg.® Additional echo-
cardiogram-based studies in adolescents and adults born pre-
term have reported an elevated tricuspid regurgitation velocity
and lower pulmonary artery acceleration times in those born
preterm, indicating increased pulmonary vascular resistance
relative to term-born age-matched controls.'®!*! The only
right heart catheterization study conducted to date enrolled 11
young adults born preterm with an average gestational age of
28 weeks, of whom 5 of 11 satisfied criteria for pulmonary
hypertension as defined by a mean pulmonary artery pressure
>20 mm Hg. Furthermore, pulmonary vascular resistance and
arterial elastance were significantly elevated among preterm
adults, suggesting a stiffer pulmonary vascular bed overall.”
Among these subjects, RV-pulmonary vascular coupling was
impaired in preterm-born relative to term-born subjects.®?
In contrast, an echocardiography-based study of ventriculo-
vascular coupling in young adults born preterm with an av-
erage gestational age of 33 weeks demonstrated preserved RV
coupling relative to term-born adults.'® The lower gestational
age in the catheter-based study further suggests that early
RV-pulmonary artery uncoupling may be gestational age de-
pendent. Further, the degree of uncoupling was unexpected
for the mild elevation in afterload and supports the concept
of prematurity serving as a direct insult to the RV as well. In
summary, changes in RV function and pulmonary vascular re-
sistance are present across gestational ages, and it is possible
that RV-pulmonary vascular uncoupling will occur sooner
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even in those born moderate-to-late preterm, warranting fur-
ther follow-up into mid and late adulthood.

Several studies have assessed the pulmonary vascular re-
sponse to exercise or hypoxia. In an echocardiography-based
exercise study, adults born premature demonstrated an exag-
gerated increase in estimated pulmonary pressure.®* These
findings, however, were not confirmed in the aforemen-
tioned right heart catheterization—based study, possibly due to
smaller sample size.”> Among the studies that have assessed
the response to hypoxia, the hypoxic vasoconstrictor response
appears intact and similar between term- and preterm-born
subjects.”¢163 Some of these studies have identified bron-
chopulmonary dysplasia as one of the possible key drivers of
overt late pulmonary vascular disease, though it is unlikely to
be the sole contributor.?>%

Finally, although the overall severity of pulmonary vas-
cular disease appears mild in childhood and adult studies, a
subset of premature infants develop more severe pulmonary
vascular disease. Additional studies are needed to understand
the natural history of pulmonary vascular-RV development
in these high-risk individuals. In the meantime, even small
elevations in mean pulmonary artery pressure are associated
with a significant increase in all-cause mortality in adults.**%
Therefore, the lifetime impact may be significant even in rela-
tively healthy individuals with a history of preterm birth.

Possible Mechanisms and Therapeutic
Approaches

Mechanistic studies of the cardiac and vascular sequelae of
premature birth are somewhat constrained due to limitations of
available animal models. Whereas both small and large animal
models can be delivered prematurely, there is limited-to-no
ability to support the degree of prematurity that is encountered
and survivable in humans. However, both may be informative
regarding specific aspects of cardiovascular development and
will be discussed here.

Rodent models have been used for decades to study the
sequelae of premature birth, specifically as related to the de-
velopment of bronchopulmonary dysplasia. Although mod-
els differ in the duration and severity, most utilize postnatal
hyperoxia exposure to recapitulate the alveolar and vascular
oversimplification characteristic of bronchopulmonary dys-
plasia.%® The application of oxygen exposure in this model
aims to mimic the relative hyperoxic environment common
to premature birth. Birth results in an immediate transition
to normoxia, which is relatively hyperoxic compared with
normal fetal life. Although hyperoxic animal models do not
recapitulate prematurity per se, they do mimic the develop-
mentally inappropriate relative hyperoxia that a preterm in-
fant experiences and is highly relevant to the developing heart.
Specifically, at birth, the rodent heart is predominantly mono-
nucleated, with terminal cell cycle arrest and transition from
hyperplasia to hypertrophy for cellular growth occurring dur-
ing the first week postnatally.’” When hyperoxia is applied,
cell cycle arrest is accelerated through activation of DNA
damage responses.®®

Postnatal hyperoxia exposure in rodents has been uti-
lized to recapitulate both the late RV-pulmonary vascular
and LV-systemic vascular complications of premature birth.
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Animals develop moderate-to-severe pulmonary hypertension
in the neonatal period, with some ability to recover in ado-
lescence and adulthood.” There appears to be some degree
of pulmonary revascularization, only to have accelerated vas-
cular pruning with aging.”” Pulmonary vascular disease is as-
sociated with bimodal RV dysfunction, with early uncoupling
and RV dysfunction due to the severity of the vascular disease.
There is a period of cardiac recovery, as the pulmonary hy-
pertension improves, followed by late RV failure related to
emergence of mitochondrial dysfunction and accumulation of
mitochondrial DNA damage.®”' Mitochondrial oxidation also
drives cardiomyocyte loss beginning in the neonatal time pe-
riod and may be rescued with administration of antioxidants
such as mitoTEMP.®*7? Therefore, a diminished cardiomyo-
cyte endowment may further contribute to cardiac dysfunc-
tion. In the LV, postnatal hyperoxia results in remodeling and
impaired systolic function even before systemic blood pres-
sure elevation, including an increase in LV cardiomyocyte hy-
pertrophy, fibrosis, and in markers of premature senescence.”
Moreover, these early cardiac alterations increased the suscep-
tibility of rodents to develop heart failure following pressure
overload induced by angiotensin II infusion. Development of
cardiac alterations in adulthood, including fibrosis and hyper-
trophy, was linked to upregulation of angiotension II receptors
type 1 and 2 in the LV, signifying increased renin-angioten-
sin system activation, which was prevented with early treat-
ment with the AT1 (angiotensin II type 1) receptor antagonist
losartan and with an antagonist of the Toll-like receptor-4
proinflammatory pathway.’*” This indicates that a number of
deleterious mechanisms for myocardial development are trig-
gered by preterm birth—related conditions along with neonatal
oxidative injury.

In an ovine model of preterm birth (14 days premature),
LV and RV cardiomyocytes were hypertrophied in the pre-
term-born lambs compared with controls at 9 weeks postnatal
age.” It is noteworthy that preterm-born sheep also had an =7-
fold increase in interstitial collagen deposition, even without
the normal inflammatory and stress-related conditions that
are commonly associated with preterm birth in humans.”
Nucleation and ploidy of the cardiomyocytes were also
shown to be altered, supporting the argument that there are
irreversible myocardial stress—related changes in DNA in the
preterm-born lambs. At 14.5 months postnatal age follow-up,
preterm-born sheep had thinner RV walls, a higher reserve of
immature undifferentiated cardiomyocytes, lower cardiomyo-
cyte numbers, and smaller cardiomyocyte areas with reduc-
tions in RV functional and adaptive capacity.

Currently, there are limited data to suggest specific ther-
apeutic strategies in adults born preterm to treat hyperten-
sion or modify heart failure risk. Elevated plasma levels of
angiotensin I and the presence of autonomic dysfunction and
impaired heart rate recovery may suggest a potential role for
angiotensin or adrenergic blockade, but these have not been
specifically evaluated in preterm subjects.?***™ There is ev-
idence that neonatal risk factors do appear to be modifiable.
For example, exclusive human milk feeding during infancy,
as compared with formula, was associated with larger LV and
RV end-diastolic and stroke volumes and smaller pulmonary
artery to aortic diameter ratios in adulthood.” Ultimately, fur-
ther study is needed to understand the role of intervention
strategies throughout the life span, including lifestyle modi-
fications such as exercise and pharmacological interventions,
on improving cardiac remodeling and decreasing long-term
cardiovascular risk.

Conclusions: Call to Arms Regarding
Awareness and Screening
It is now clear that preterm birth is associated with increased
risk of cardiovascular diseases including ischemic heart di-
sease and hypertension, as well as increased risk of heart
failure. The mechanisms are not completely understood, and
current evidence indicates that the disruption of heart, vessels,
and overall organ development associated with preterm birth
contributes to disease risk, most likely in addition to hereditary
components. While much remains to be unraveled regarding
mechanisms, attention should now also be directed on how to
effectively prevent hypertension and disease occurrence, from
the neonatal period through adult life. Subclinical diseases,
including high blood pressure and mild cardiac dysfunction,
are detectable in young adulthood and might not be accom-
panied by classically associated risk factors such as obesity.
Thus, recognition of preterm birth as a significant risk factor
for cardiovascular disease becomes imperative for clinicians,
parents, and the preterm-born adults. Birth history should be
included in best practice guidelines from childhood to adult-
hood to permit healthy lifestyle counseling and appropriate
screening. Among those symptomatic or at the highest risk,
clinicians should consider that symptoms may be multifacto-
rial, including a compilation of cardiac, pulmonary, and vas-
cular sequelae of prematurity, and may require more nuanced
testing and clinical evaluation, such as early utilization of exer-
cise testing (Figure 5). Modifying the lifetime cardiovascular
risk for this population will require multidisciplinary collabo-
ration across ages and organ systems, from neonatologists to

All Adults Born Preterm (<37 weeks’ gestation)

exercise, and smoking avoidance
= Blood pressure screening
« Consider lipid and glucose tolerance screening

versus pulmonary limitations

« Lifestyle assessment and modifications, including nutrition and healthy weight maintenance,

Symptomatic OR Adult with High Risk Preterm Birth History

(<28 weeks’ gestation or other high-risk neonatal history)

« Consideration of early utilization of exercise testing during evaluation to differentiate cardiac

« Consideration of EKG, echocardiogram, and PFT including DLCO, as clinically indicated

Figure 5. Screening considerations for adults
born preterm. DLCO indicates diffusing
capacity of the lungs for carbon monoxide; and
PFT, pulmonary function test.
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internists including cardiologists, pulmonologists, as well as
our preterm-born patients themselves.
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