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BACKGROUND: Globally, ∼ 10% of infants are born before
full term. Preterm birth exposes the heart to the demands of
postnatal cardiovascular function before cardiac development
is complete. Our aim was to examine, in hearts collected from
infants at autopsy, the effects of preterm birth on myocardial
structure and on cardiomyocyte development.
METHODS AND RESULTS: Heart tissue was collected at
perinatal autopsies of 16 infants who died following preterm
birth between 23 and 36 weeks of gestation, and survived for
1–42 days; the hearts of 37 appropriately grown stillborn
infants, aged 20–40 weeks of gestation, were used for
comparison. Using confocal microscopy and image analysis,
cardiomyocyte proliferation, maturation, ploidy, and size were
quantified, and interstitial collagen and myocardial capillariza-
tion were measured. Preterm birth resulted in a marked
reduction in the proliferation of cardiomyocytes relative to
age-matched stillborn infant controls (preterm vs. control
Po0.0001). In contrast, preterm birth did not affect heart
weight, capillarization, interstitial collagen or cardiomyocyte
maturation, ploidy, and size.
CONCLUSIONS: Preterm birth appears to lead to an abrupt
reduction in cardiomyocyte cell division. This reduced
cardiomyocyte proliferation in preterm infants may adversely
impact upon the final number of cardiomyocytes which may
reduce cardiac functional reserve, and impair the reparative
capacity of the myocardium.

Preterm birth, defined as birth before 37 completed weeks
of gestation, affects ∼ 10% of live births (1–3). Preterm

infants are born at a time when their organs are structurally
and functionally immature, potentially leading to structural
alterations in key organs as a result of the altered physical
and biochemical environment caused by preterm birth. We
have recently shown in sheep that preterm birth induces
cardiomyocyte hypertrophy, abnormal cardiomyocyte
maturation, and increased interstitial collagen deposition in
the neonatal heart (4). We considered these effects to be an
adaptive response of the immature myocardium to the
hemodynamic transition at birth, when there are changes in

the left and right ventricular outputs and marked increases in
arterial blood pressure and heart rate (5).
In support of altered postnatal growth of the heart after

preterm birth, a recent study utilizing ultrasound to examine
the heart during gestation and following term/preterm birth,
demonstrated that there was increased left and right
ventricular mass (relative to body size) (6) in babies born
preterm when examined at 3 months of postnatal age vs.
term-born babies. This study also demonstrated that these
changes were not present before birth. In the longer term,
cardiac magnetic resonance imaging studies, conducted in
young adults aged 20–39 years, have shown that, relative to
subjects born at term, those born preterm had an increase in
left ventricular free wall mass, abnormal left ventricular wall
geometry, and impaired left ventricular systolic/diastolic
function (7). In addition, the adults born preterm had smaller
right ventricles, but increased right ventricular wall mass,
resulting in altered systolic function, and a reduction in right
ventricular ejection fraction (8). These findings were not
replicated in an echocardiography study conducted in 18-
year-old adults who were born extremely preterm, where a
reduced left ventricular volume, a reduced left ventricular
mass, and no significant difference in left ventricular wall
thickness were reported (9). Of major concern, preterm birth,
before 32 weeks of gestation, has recently been linked to a
substantial increase in the risk of heart failure during
childhood and adolescence (10), which is particularly
troubling given the relative rarity of heart failure at this
young age.
During development of the heart, cardiomyocytes (in

almost all mammalian species) withdraw from the cell cycle
around the time of full-term birth, whereby they undergo a
process of maturation and differentiation in preparation for
the increased functional demands initiated with the hemody-
namic transition at birth. After this time, the majority of
cardiomyocytes are unable to reenter the cell cycle, even in
the setting of severe injury (11). Although cardiomyocyte
proliferation does continue at very low rates postnatally (12),
the reduced replicative capacity of cardiomyocytes after birth
has the potential to adversely impact heart growth, cardiac
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function, functional reserve, and reparative ability throughout
postnatal life.
Preterm infants are born at a time when the heart muscle is still

structurally immature; hence, the changes in cardiac pressures
and flows imposed by the hemodynamic transition at birth may
directly have an impact on cardiomyocyte growth and prolifera-
tion, and extracellular matrix deposition in the heart (13). To
date, little is known regarding the impact of preterm birth on the
cellular development and maturation of cardiomyocytes in the
human heart. Therefore, the aim of this study was to determine
the effects of preterm birth on myocardial structure (interstitial
collagen and myocardial capillarization) and on the growth and
maturation of cardiomyocytes. To do this, we have characterized,
using autopsy material, the development of cardiac muscle in
infants of appropriate weight for gestational age, who died in
utero during mid-to-late gestation from acute causes and
compared it with data from infants who were born preterm at
the same postconceptional age.

METHODS
Ethical Approval
This study was approved by the Human Research Ethics Committee
of the Women’s and Children’s Health Network (Adelaide, SA,
Australia) (Approval Number: REC2222/10/12) and the Human
Research Ethics Committee of Monash University (Clayton, VIC,
Australia) (Approval Number: 2011000929). Consent was obtained
from all parents for the use of tissue for research purposes. During
analysis, the researchers were blinded to gestational age and grouping
(preterm or control).

Subjects Studied
Archived heart tissue samples were obtained from perinatal autopsies
conducted at the Women’s and Children’s Hospital, Adelaide,
Australia, between 1996 and 2009. Heart tissue from 16 preterm
infants, born before 37 completed weeks of gestation, was used in this
study. Tissue samples from the hearts of 37 appropriately grown
stillborn infants, aged 22–40 completed weeks of gestation, who died
acutely in utero were used as gestational controls. Probe patency was
determined at autopsy by attempting to pass a probe into the ductus
arteriosus and foramen ovale; if the metal probe could pass through
the ductus arteriosus/foramen ovale easily, it was considered to be
probe patent.
The postnatal survival of preterm infants ranged from 1 to 42 days,

with a mean of 15± 3.5 days and a 95% confidence interval of
8–22 days.
Infants (stillborn control and preterm born) were excluded

according to the following criteria: maternal smoking or substance
abuse, maternal infectious disease, neoplastic disease or autoimmune
disease, chromosomal abnormality, congenital defect, two vessels in
the umbilical cord, acute/chronic chorioamnionitis, viral infection,
oligohydramnios, polyhydramnios, or intrauterine growth restriction
(body weight ≤ 10th percentile for gestational age at birth).

Assessment of Tissue Morphology, Identification of Mast Cells,
and Interstitial Collagen
Paraffin sections (5 μm thick) were stained with hematoxylin and
eosin to examine the general tissue morphology and assess tissue
quality. For all image analysis performed on histological sections
(toluidine blue, picrosirius red, Ki-67), representative samples were
analyzed manually to validate the image analysis findings. Toluidine
blue staining was used to determine the presence of mast cells (4)
and picrosirius red was used to stain collagen fibres within the
myocardium (4). Whole-slide scanning was used to capture images
of sections stained with hematoxylin and eosin, toluidine blue, and

picrosirius red, using an Aperio ScanScope AT Turbo at × 40
magnification (Leica Biosystems, Vista, CA). For detecting mast cells,
whole-slide images could not be analyzed as a single image, and were
therefore broken down into large nonoverlapping areas before
analysis. Mast cells were detected using machine learning software.
We initially trained software (ilastik 1.1.9; University of Heidelberg,
Heidelberg, Germany) to identify the mast cells by shape and color
and we then quantified the number of mast cells using image analysis
software, CellProfiler 2.1.1.revision 6c2d896 (Broad Institute,
Boston, MA).
The whole section was analyzed for interstitial collagen using

Aperio eSlide Manager Version 12.3 analysis tools (Leica Biosystems,
Vista, CA). Using picrosirius red staining, interstitial collagen was
expressed as the area occupied by collagen (stained red) divided by
the total tissue area. During the analyses, blood vessels, perivascular
collagen, and valvular structures were manually excluded.

Immunohistochemistry
For the identification of proliferating cells, 5 μm paraffin sections
were dewaxed and underwent heat-mediated antigen retrieval.
Antigen retrieval was achieved using Dako Target Retrieval Solution
(Dako, Glostrup, Denmark) for 30 min at 98 °C. Cell proliferation
was detected using an antibody against Ki-67 (MIB-1 clone, 1:100
dilution, 1 h at room temperature; Dako); Dako EnVision REAL
polymer secondary (horseradish peroxidase) was used for detection
(Dako EnVision REAL anti-mouse, 30 min at room temperature;
Dako). Hematoxylin (Dako Automation Hematoxylin; Dako) was
used to stain the nuclei. Slides were scanned using an Aperio
ScanScope AT Turbo at × 40 magnification (Leica Biosystems, Vista,
CA). Scanned slides were exported for analysis in CellProfiler by
breaking the whole slide images into large nonoverlapping areas.
Color deconvolution was performed to separate DAB (3′,3′-
diaminidobenzidine) and hematoxylin staining, thereby creating
separate images for DAB and hematoxylin staining. Large blood
vessels, hemorrhages, and other defects were manually excluded.
CellProfiler 2.1.1.revision 6c2d896 (Broad Institute, Boston, MA),
was used to analyze the scanned images.
Ki-67 immunolabeling was used to identify proliferating cells;

DAB-stained cell nuclei were Ki-67+ and nonproliferating cells were
stained with hematoxylin only. Given that nearly all cardiomyocytes
were found to be mononucleated (see later section), the proportion
of Ki-67+ cells was therefore determined as the number of DAB-
positive nuclei divided by the total number of nuclei (DAB stained or
hematoxylin stained). CellProfiler Analyst 2.0 revision 11710 (Broad
Institute, Boston, MA) was used to classify the nuclei. At least 85,000
nuclei were analyzed per heart, with a mean of 146,400 nuclei per
heart. Cell proliferation is expressed as the percentage of nuclei
positive for Ki-67 across the entire slide.

Cardiomyocyte Ploidy, Nuclearity, and Volume Analysis
Cardiomyocyte ploidy, nuclearity, and volume were evaluated as
described previously (4,14). Briefly, thick paraffin sections (100–
200 μm) were stained using Wheat Germ Agglutinin-Alexa Fluor 488
(Invitrogen, Eugene, OR) to permit visualization of cardiomyocyte
cell membranes and DAPI (4′,6-diamidino-2-phenylindole) hydro-
chloride (Invitrogen) to stain nuclei. Z-stacks used for cardiomyocyte
analysis (ploidy, nuclearity, and size) were acquired using either a
Leica SP5 confocal microscope (Leica Microsystems, Mannheim,
Germany) or a Nikon C1 confocal microscope (Nikon, Tokyo,
Japan). Cardiomyocyte ploidy, nuclearity, and size were measured
using Imaris software version 8.2 (Bitplane AG, Zürich, Switzerland)
(4,14). Briefly, the wheat germ agglutinin stained the cell membranes,
which then allowed cardiomyocyte volume, nuclearity (the number
of nuclei within a cardiomyocyte), and ploidy (DNA within the cell)
to be determined. Cardiomyocyte volume was measured by counting
the number of voxels contained within the delineated cell membrane.
Cardiomyocyte ploidy was determined by quantitative measurement
of DAPI nuclear fluorescence (14). For the analysis of cardiomyocyte
ploidy, nuclearity, and volume, at least 5,000 cells were analyzed per
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subject. Each cell was manually checked for correctness before
inclusion in the data set. Cardiomyocyte cross-sectional area was also
measured, using the cross-sectional area of the cell at the level of each
cardiomyocyte nucleus. For binucleated cardiomyocytes, cross-
sectional area was measured at each nucleus and the mean value
was taken. For the analysis of cardiomyocyte cross-sectional area, at
least 500 cells were analyzed per subject.

Capillarization
The density of blood capillaries was measured in the same sections as
those used to measure cardiomyocyte cross-sectional area. At least 10
randomly selected fields of view were used for this analysis.
Capillaries were morphologically identified (by their distinctive size
and shape) in histological sections using Wheat Germ Agglutinin–
Alexa Fluor 488 (which binds to the high sialic content of endothelial
cells). Capillarization is expressed as the number of capillaries per
cardiomyocyte cross section (the short axis of the cardiomyocyte,
also called a profile view).

Statistical Analysis
Data were analyzed using GraphPad 6.01 (GraphPad Software, La
Jolla, CA) and SPSS Statistics 22 (IBM, Chicago, IL). Linear-
regression analyses were performed and the curves were compared
using an analysis of covariance to determine differences in the slope
(P value is denoted as pSlope) and y-axis intercept (P value is
denoted as pElevation). A P value o0.05 was regarded as statistically
significant. Data are presented as mean± standard error of the mean,
unless otherwise stated.

RESULTS
Body Weights and Growth
At birth, infants born preterm were on a significantly different
growth trajectory relative to postconceptional age than the

controls (pSlope= 0.044) (Figure 1a); likewise, at autopsy,
body weight relative to postconceptional age remained on
a different trajectory than controls (pSlope= 0.30,
pElevation= 0.0013) (Figure 1b). Average gestational age
at birth (Preterm: 27.44± 0.95 weeks, Control:
28.97± 1·15 weeks, P= 0.778), and gestational age at
autopsy (Preterm: 29.51± 1.12 weeks, Control:
28.97± 1.15 weeks, P= 0.412) were not different between
preterm infants and controls. There was no difference in
absolute heart weight (pSlope= 0.69, pElevation= 0.20) or
heart weight relative to bodyweight (pSlope= 0.60,
pElevation= 0.20) between preterm infants and controls
(Figure 1c,d). A summary of patient characteristics, cause
of death, and corticosteroid exposure appears in Table 1.

Heart Characteristics
For the 37 gestational controls, all had probe-patent ductus
arteriosus and foramen ovale. Of the 16 infants born preterm,
all had probe-patent foramen ovale. Three preterm infants
had non-probe-patent ductus arteriosus; these included two
moderately preterm babies (one who survived for 1 day and
the other for 42 days) and one extremely preterm baby (alive
for 28 days after birth).

Inflammatory Cell Infiltrate
No inflammatory cell infiltrates were observed in any of the
control or preterm hearts, and mast cells were rarely observed
(o1 per 107 nuclei).
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Figure 1. (a) Body weight at birth (g) vs. gestational age at birth (weeks). (b) Body weight at autopsy (g) vs. gestational age at autopsy (weeks). (c)
Heart weight at autopsy (g) vs. body weight at autopsy (g). (d) Heart to body weight ratio ((g/g)) vs. gestational age at autopsy (weeks).
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Cardiomyocyte Proliferation
Representative photomicrographs (at the same postconcep-
tional age) of a control heart and a preterm heart are shown in
Figures 2 and 3, respectively. There was an inverse
relationship between the percentage of proliferating cardiac
cells and gestational age (Figure 4), with preterm birth greatly
reducing the rate of cardiac cell proliferation (pSlope= 0.40,
pElevationo0.0001). The majority of preterm hearts had
proliferation rates of o0.5%. There were only two preterm
infants with proliferation rates 40.5%; a male born at
23 weeks who lived for 24 h had a proliferation rate of 2.8%,
and a female born at 24 weeks who lived for 2 days had a
proliferation rate of 1·0%. In preterm infants, there was no
correlation between time alive after birth and the percentage
of cells that were Ki-67+ (r2= 0.063, P= 0.18).

Interstitial Collagen
The amount of interstitial collagen within the myocardium
increased with advancing postconceptional age. There was no
difference in interstitial cardiac collagen in the preterm
infants compared with controls (Table 2 and Figure 5a,
pSlope= 0.40, pElevation= 0.82).

Cardiomyocyte Morphometry, Nuclearity, and Ploidy
Cardiomyocyte cross-sectional area was relatively static across
gestation. There was no effect of preterm birth on cross-
sectional area (Table 2 and Figure 5b, pSlope= 0.11,
pElevation= 0.82). Cardiomyocyte volume increased with
advancing postconceptional age in all infants, and there
was no effect of preterm birth (Table 2 and Figure 5c,
pSlope= 0.19, pElevation= 0.63). The overwhelming majority

70 µm

Figure 2. Representative photomicrograph of a control infant heart (died in utero at 24 weeks of gestation) stained with hematoxylin (in blue) to demonstrate
nuclei, and Ki-67 (stained in brown) to demonstrate proliferation. Bar=70 μm.

Table 1. Summary table of preterm and control infant characteristics

Preterm Control

Gestational age at birth (weeks) 27.4 ± 1.0 (23–35), n=16 29± 1.2 (20–40), n= 37

Gestational age at autopsy (weeks) 29.5 ± 1.1 (23–38), n=16 29± 1.2 (20–40), n= 37

Birth weight (g) 967.3 ± 93.4 (460–1,590), n=13 1,571.4 ± 203.5 (340–4,090), n=32

Autopsy weight (g) 1,294.0 ± 164.7 (485–2,727), n= 16 1,532.0 ± 190.2 (310–4,020), n=37

Heart weight (g) 8.9 ± 1.2 (3.7–17.6), n=16 9.5 ± 1.2 (2–26.6), n=37

Cause of death n=4—Bronchopulmonary dysplasia
n=3—Cerebral hemorrhage/encephalopathy

n= 2—Hyaline membrane disease
n= 2—Sepsis

n= 2—Necrotizing enterocolitis
n=1—Respiratory failure

n= 1—Diffuse pulmonary hemorrhage
n=1—Fulminant hepatic failure

n=18—Undetermined
n=7—Acute asphyxia episode
n=7—Fetomaternal hemorrhage
n=4—Placental abruption
n=1—Termination of pregnancy

Corticosteroid exposure n=5—Corticosteroid exposure unknown
n= 7—Antenatal exposure

(n= 6—Continued postnatally)
n= 3—Postnatal exposure only

n=1—No antenatal or postnatal exposure

N/A

N/A, not applicable.
Data values expressed as mean ± SEM with the range within parentheses.
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of cardiomyocytes were mononucleated in both control
(mean± SEM: 99.78± 0.09%) and preterm infants
(99.78± 0.06%) and there were no differences in nuclearity
between control and preterm hearts at any time point
(Table 2, pSlope= 0.19, pElevation= 0.95). There was no
difference between preterm and control hearts on the basis of
ploidy at any gestational age, with 499% of nondividing
nuclei being 2n (Table 2, pSlope= 0.28, pElevation= 0.39).

Myocardial Capillarization
Capillarization was assessed as the number of cardiomyocyte
profiles (across the short axis of the cell) compared with the
number of capillary profiles. Capillarization increased
throughout gestation in both control hearts (r2= 0.38,
P= 0.012) and preterm hearts (r2= 0.2, P= 0.0058). There
was no difference in capillarization between heart tissue from
control and preterm infants (pSlope= 0.39, pElevation= 0.56)
(Table 2, Figure 5d, and Figure 6).

DISCUSSION
This is the first study to comprehensively examine the effects
of preterm birth on the development of the myocardium. Of
major potential importance, we demonstrated that there was
almost a complete cessation of cardiomyocyte proliferation in
the hearts of the preterm infants, whereas cardiomyocyte
proliferation was ongoing in age-matched control fetuses. In
accordance with previous studies (15), we found that during
fetal development, the proportion of proliferating cardiomyo-
cytes in the myocardium steadily declined from 20 weeks of
gestation to term; at 20 weeks of gestation, ∼ 1–4.5% of the
cardiomyocytes were proliferating but by term (438 weeks of
gestation), fewer than 1% of cells were proliferating. The
observed cessation in proliferation with age is linked to
maturation/differentiation of cardiomyocytes as the heart
becomes prepared for the increased functional demands
associated with the transition to postnatal life (when there is a
marked increase in arterial pressure and heart rate) (16). In
animal models (such as sheep and rodents), the mature
cardiomyocytes are binucleated (17–21), whereas in the
human heart, the mature cardiomyocytes remain mononu-
cleated (13,21,22); in the present study, the majority of
cardiomyocytes in control hearts were mononucleated
throughout the gestational study period and at term.
Our findings strongly suggest that preterm birth, or some

aspect of intervention surrounding preterm birth, leads to a
sudden and premature termination of muscle cell prolifera-
tion within the myocardium. This abrupt cessation of
proliferation contrasts with observations in age-matched
control fetuses that did not experience birth. The early
cessation of cardiomyocyte proliferation may result from the
sudden and increased hemodynamic demands that are placed
on the immature heart at the time of birth; it may be necessary
for the cardiomyocytes to undergo rapid maturation and
differentiation to adapt to the marked increase in arterial
pressure and heart rate that occurs postnatally. Alternatively,
there may be early cessation of proliferation and subsequent
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Figure 3. Representative photomicrograph of a heart from a preterm infant (born at 24 weeks of gestation, and died after 2 days of life) stained
with hematoxylin and Ki-67 (to demonstrate proliferation). In this field, no nuclei were shown to be Ki-67 positive. Bar = 70 μm.
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accelerated maturation of the cardiomyocytes in the preterm
heart due to the administration of corticosteroids
(16,17,19,20,23) (either to the mother before birth or in the
immediate postnatal period).
It is now a common practice for all women with threatened

preterm delivery to be administered antenatal corticosteroids.
The doses given to women threatening preterm labor can be
substantial (routinely two doses of over 10 mg each) and
additional doses are often given to the preterm infant after
birth. More than 80% of women threatening preterm labor
in the developed countries receive at least one dose of
corticosteroids (24–27). The benefits of exposure to corticos-
teroids to the newborn preterm infant have been clearly

demonstrated in terms of survival, lung maturation, and the
prevention of intraventricular hemorrhage (24,28). However,
given that corticosteroids are linked to accelerated or
abnormal organ maturation (23,29), it is possible that it is
the exposure to corticosteroids in the preterm infants that has
led to the observed premature termination of cardiomyocyte
proliferation.
To gain a further understanding of the possible role of

corticosteroid exposure, we examined the maternal health
records of the 16 preterm infants studied. For 5 of the 16
preterm infants, it is unknown if the mother and/or preterm
infant received antenatal or postnatal corticosteroids. Seven
preterm infants were exposed to at least one dose of

a

c d

b

15

Interstitial cardiac collagen (% of tissue area)
vs. gestational age at autopsy (weeks)

In
te

rs
tit

ia
l c

ar
di

ac
 c

ol
la

ge
n

(%
 o

f t
is

su
e 

ar
ea

)

10

5

0

15000 3

Capillaries per cardiomyocyte profile
vs. gestational age at autopsy (weeks)

2

1

0

Cardiomyocyte volume (µm3)
vs. gestational age at autopsy (weeks)

10000

5000

0
15 20 25

Gestational age at autopsy (weeks)

30 35 40 45 15 20 25

Gestational age at autopsy (weeks)

30 35 40 45

C
ap

ill
ar

ie
s 

pe
r

ca
rd

io
m

yo
cy

te
 p

ro
fil

e

C
ar

di
om

yo
cy

te
 v

ol
um

e 
(µ

m
3 )

15 20 25 30

Gestational age at autopsy (weeks)

35 40 45

100

80

60

40

20

0
15 20 25

Gestational age at autopsy (weeks)

30 35 40 45

Cardiomyocyte cross-sectional area (µm2)
vs. gestational age at autopsy (weeks)

C
ar

di
om

yo
cy

te
 c

ro
ss

-s
ec

tio
na

l
ar

ea
 (

µm
2 )

pSlope=0.40
pElevation=0.82

Preterm (n= 16)
r 2= 0.11

Control (n= 37)
r 2= 0.41

pSlope=0.19
pElevation=0.63

Preterm (n= 16)
r 2= 0.35

Control (n= 37)
r 2= 0.34

pSlope=0.11
pElevation=0.82

Preterm (n= 16)
r 2= 0.30

Control (n= 37)
r 2= 0.034

pSlope=0.39
pElevation=0.56

Preterm (n= 16)
r 2= 0.38

Control (n= 37)
r 2= 0.20

Figure 5. (a) Interstitial cardiac collagen (% of tissue area) vs. gestational age at autopsy (weeks). (b) Cardiomyocyte cross-sectional area (μm2) vs.
gestational age at autopsy (weeks). (c) Cardiomyocyte volume (μm3) vs. gestational age at autopsy (weeks). (d) Capillaries per cardiomyocyte profile
vs. gestational age at autopsy (weeks).

Table 2. Summary of cardiac analyses

Preterm (n=16) Control (n=37)

Ki-67+ cells (percentage of nuclei) 0.4 ± 0.2* 1.9 ± 0.2

Collagen (percentage of tissue area) 5.2 ± 0.5 5.2 ± 0.5

Cardiomyocyte volume (μm3) 5,197± 460.8 5,315± 258.1

Cardiomyocyte cross-sectional area (μm2) 46.9 ± 2.9 45.9 ± 1.9

Mononucleated cardiomyocytes (percentage of cardiomyocytes) 99·8 ± 0·1 99·8 ± 0·1

Cardiomyocyte ploidy (percentage of nondividing cardiomyocytes that are 2n) 99.9 ± 0.1 99.9 ± 0.1

Capillarization (capillary profiles per cardiomyocyte cross section) 1.74 ± 0.05 1.77± 0.04

Values are expressed as the mean ± SEM.
*po0.0001.
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corticosteroids antenatally, and six of these continued to
receive them postnatally. Four preterm infants did not receive
corticosteroids antenatally; however, three of these received
postnatal corticosteroids. Only one preterm infant definitely
did not receive either antenatal or postnatal corticosteroids;
this infant survived for 1 day after birth at 23 weeks of
gestation. As data were only available for 11 of 16 infants,
owing to the varying survival times (1–42 days) and the
differing patterns of corticosteroid administration, we were
unable to perform reliable statistical analysis to estimate the
effect of corticosteroids. In contrast, it is unlikely that the age-
matched gestational stillborn infants would have been
exposed to antenatal steroids, due to our strict exclusion
criteria; only infants that had been growing normally in utero
and died acutely were used as controls. Given the routine use
of antenatal steroids to women at risk of preterm birth and in
the postnatal care of preterm infants, further studies are
clearly warranted to establish the impact of corticosteroid
exposure on cardiomyocyte development in the immature
heart. Indeed, such findings are also relevant to the infants of
women who are administered corticosteroids but do not go on
to deliver prematurely.
Importantly, we found that the density of capillaries in the

preterm hearts was not different from that in the gestational
age-matched control hearts; hence, there was no evidence of
impaired capillarization of the myocardium. We did not
observe any differences in cardiomyocyte size, nuclearity, or
ploidy in the hearts of the preterm infants relative to the age-
matched controls, which is in contrast to our previous
findings in the preterm sheep. In the moderately preterm
sheep heart, we found a significant increase in cardiomyocyte
size, differences in cardiomyocyte nuclearity (including the
presence of trinucleated cardiomyocytes), and an increase in
cardiomyocyte ploidy in the mononucleated cardiomyocytes.
In the present study, although there were marked effects on
cardiomyocyte proliferation, all of the other parameters that

we examined in relation to myocardial development appeared
within the normal range. The reported differences in findings
in relation to cardiomyocyte development likely relate to
differences in species and stages of cardiac development at
the time of tissue analysis. Humans grow very slowly, taking
14–20 years to reach the final adult size. In comparison, sheep
grow quickly and reach maturity within 1–1.5 years. In our
previous studies in sheep, we examined the preterm heart at
8 weeks post-term-equivalent age (4), which is equivalent to
childhood in the human. Hence, it is possible that the
induction of cardiomyocyte hypertrophy, hypernuclearity,
and polyploidy (observed in the preterm sheep heart) may not
manifest until childhood/early adolescence. Further studies in
preterm subjects of varying ages after birth up until adulthood
would help to elucidate this. Certainly, the recent magnetic
resonance imaging studies conducted in preterm-born young
adults and adults have clearly shown differences in cardiac
structure (7,8) and how the heart grows postnatally, which
would support this concept.
Given that the preterm infants died after birth, we cannot

exclude the possibility of postnatal factors affecting the
results, such as mechanical ventilation, medication adminis-
tration, hypoxia, and other unknown factors. The general
effect of illness in placing additional demands on the
cardiovascular system could not be evaluated in this study,
but it is likely to have had an effect and may have directly
impacted cardiomyocyte growth. Carefully controlled animal
studies, where the offspring remain in good health after birth,
are now required to specifically investigate the direct effects of
preterm birth, corticosteroid exposure, and factors in neonatal
care on the growth of the preterm neonatal heart.
The abrupt cessation of cardiomyocyte proliferation as a

result of preterm birth is likely to have a significant impact on
cardiomyocyte endowment throughout life, with the greatest
impact likely to be in the earliest-born preterm infants. An
infant born extremely preterm that has early cessation of

30 µm

Figure 6. Representative fluorescent photomicrograph of images used to determine cardiac capillarization. Nuclei are stained with DAPI (4′,6-
diamidino-2-phenylindole) and appear in blue. Cell membranes are stained with Wheat Germ Agglutinin–Alexa Fluor 488 and appear in green.
Bar = 30 μm.

Articles | Bensley et al.

886 Pediatric RESEARCH Volume 83 | Number 4 | April 2018 Copyright © 2018 International Pediatric Research Foundation, Inc.



proliferation in a high proportion of cardiomyocytes much
earlier in life than normal will need to undergo more
extensive cardiac remodeling (cardiomyocyte hypertrophy,
extracellular matrix deposition) to achieve a normal cardiac
mass than an infant born moderately preterm. It is also
important to emphasize that the changes we observed were
not confined to extremely and very preterm infants, but also
included moderately preterm infants. The results of our study
suggest that even moderately preterm babies have an
abnormal cardiomyocyte proliferation trajectory and the
cardiac growth of these individuals in the neonatal period
must therefore be considered as quite different to the cardiac
development and maturation of individuals born at term.
Hence, the findings of this study have major clinical
implications and highlight the need for clinicians to consider
preterm birth as a risk factor for adult cardiovascular disease.
Indeed, a reduced complement of cardiomyocytes at the
beginning of life will likely adversely impact on lifelong
cardiac functional reserve and on the reparative and adaptive
abilities of the myocardium and may provide a plausible
explanation for the recently observed increased incidence of
heart failure in children and adolescents born very and
extremely preterm (10). Hence, this is a critical area for future
research. It may be prudent for clinicians to consider periodic
echocardiographic examinations of adults born preterm to
monitor cardiac performance and potentially intervene early,
as this group may be at greater risk of cardiovascular disease
at an earlier age than adults born at term.

CONCLUSION
Our findings clearly show that following preterm birth, there
is a reduction in the proliferation of cardiomyocytes in the
neonate, and therefore suggest that preterm birth and/or
associated factors such as corticosteroid exposure may be
detrimental to the development of the human myocardium.
However, given that the preterm infants were in ill-health
following preterm birth, carefully controlled animal studies
are required to elucidate the mechanisms. Reduced cardio-
myocyte proliferation is expected to reduce the final number
of cardiomyocytes, which is consistent with recent studies
showing that the growth and structure of the heart in adults
born preterm are markedly different from those born at term.
Taken together, the recent findings suggest that individuals
born preterm may be at heightened risk of cardiovascular
disease. Our study highlights the need for further investiga-
tion into how preterm birth and clinical interventions
surrounding preterm birth impact the long-term cellular
structure of the heart; such information is necessary given that
the first survivors of extremely preterm birth are now
reaching adulthood.
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