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Increased circulating endothelial progenitor cells (EPCs) in
prepubertal children born prematurely: a possible link between
prematurity and cardiovascular risk
Panagiota Markopoulou1, Eleni Papanikolaou2, Sofia Loukopoulou3, Paraskevi Galina4, Aimilia Mantzou5 and Tania Siahanidou1

BACKGROUND: Endothelial progenitor cells (EPCs) ensure vascular integrity and neovascularization. No studies have investigated
EPCs in preterm-born children beyond infancy.
METHODS: One hundred and thirty-six prepubertal children were enrolled: 63 preterm and 73 born at term (controls). Circulating
CD34(+)/VEGFR-2(+)/CD45(−) and CD34(+)/VEGFR-2(+)/CD45dim EPCs were measured in preterm-born children compared to
controls. Body mass index (BMI), waist-to-hip ratio (WHR), neck circumference, systolic and diastolic blood pressure (SBP and DBP,
respectively), fasting glucose, insulin, lipid profile, common carotid and abdominal aortic intima-media thickness (cIMT and aIMT,
respectively), endothelium-dependent brachial artery flow-mediated dilation (FMD), and echocardiographic parameters were also
assessed.
RESULTS: Circulating CD34(+)/VEGFR-2(+)/CD45(−) and CD34(+)/VEGFR-2(+)/CD45dim EPCs were significantly higher in preterm-
born children compared to controls (p < 0.001 and p < 0.001, respectively). In total study population and in the preterm-born group,
EPCs were significantly lower in children born to mothers with gestational diabetes compared to non-diabetic mothers. Prematurity
was associated with higher WHR, neck circumference, SBP, DBP, cIMT, aIMT, mean pressure, and velocity of pulmonary artery; the
peak velocity of the brachial artery was significantly lower in children born prematurely. In multiple regression analysis, preterm
birth and maternal gestational diabetes were recognized as independent predictors of EPCs.
CONCLUSIONS: Circulating EPCs were increased in prepubertal preterm-born children in comparison with peers born full-term.
Maternal gestational diabetes was associated with a decrease in EPCs.
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IMPACT:

● Mounting evidence supports the adverse effect of prematurity on cardiovascular health. However, the underlying mechanisms
that could lead to endothelial dysfunction in preterm-born individuals are not fully understood.

● Endothelial progenitor cells (EPCs) ensure vascular integrity, normal endothelial function and neovascularization.
● No studies have investigated the EPCs counts in peripheral blood beyond infancy in children born prematurely.
● Circulating EPCs were significantly higher in preterm-born prepubertal children compared to controls, thus indicating that

prematurity is possibly associated with endothelial damage.
● In total study population and in the preterm-born group, maternal gestational diabetes was associated with decreased EPCs

concentrations.

INTRODUCTION
Mounting evidence, nowadays, supports the adverse effect of
being born preterm on cardiovascular health in the context of the
“Developmental Origin of Health and Disease” concept.1–5 Several
studies have shown that preterm-born individuals display
cardiovascular and metabolic alterations, including increased
arterial blood pressure,6–8 glucose intolerance and insulin
resistance,8,9 disturbances in lipid levels,10,11 abnormalities in
body composition,12,13 and also adverse changes in heart shape

and function14–16 compared to individuals born at term. Never-
theless, the relationship between preterm birth and endothelial
dysfunction in childhood or later in life is less clear;8 decreased
endothelium-dependent flow-mediated dilation (FMD) of
brachial artery17 and increased pulse wave velocity (PWV)18

and mean carotid and abdominal aortic intima-media
thickness (cIMT and aIMT, respectively)19–22 have been reported,
whereas no association was revealed in other studies.8,23–26

Furthermore, the underlying mechanisms that could lead to
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endothelial dysfunction in individuals born prematurely are not
fully understood.
Endothelial progenitor cells (EPCs) are small, immature, bone

marrow-derived cells that can be isolated from the peripheral and
umbilical cord blood.27 Τhey proliferate and differentiate into
mature endothelial cells, and they have critical roles in vascular
repair and remodeling of both existing vessels and new blood
vessel growth;27,28 they restore vascular integrity and they
contribute in normal endothelial function, tissue regeneration in
ischemia, and physiological neovascularization.28 The surface
markers present in EPCs are mainly CD34, CD133, vascular
endothelial growth factor receptor-2 (VEGFR-2), and lack of
CD45; CD34(+)/VEGFR-2(+)/CD45(−) cell population has been
referred as the most specific for determining EPCs in adults and
children,29,30 while relevant studies suggest that especially the
fraction of CD45dim cells may represent the “true” circulating
EPCs.27,31

In adults, increased number of EPCs is linked to outcomes of
cardiovascular disease32,33 and acute stroke,34,35 as well as
outcomes and progression of cancer.36–39 In preterm infants,
circulating EPCs are present at similar or increased numbers in
comparison with term controls.40 Nevertheless, the preterm EPCs
are more vulnerable to hyperoxia-induced oxidative stress.40

Lower counts of EPCs subpopulations in preterm babies have
been associated not only with the development of bronchopul-
monary dysplasia (BPD),40,41 but also with disorders of pregnancy
that increase the risk for preterm birth, such as gestational
diabetes and preeclampsia.42,43 Furthermore, EPCs subpopulations
dysfunction has been associated with increased systolic blood
pressure (SBP) in young adults born preterm.44 Thus, EPCs
impairment could possibly underlie several of the short- or long-
term complications of prematurity.40 To the best of our knowl-
edge, no studies have investigated the EPCs counts in peripheral
blood in preterm-born children beyond infancy.
The aims of this study were to evaluate the circulating EPCs

levels in prepubertal children born prematurely, in the context of
endothelial dysfunction they may exhibit, compared to prepu-
bertal children born at term, to examine the relationship between
EPCs and endothelial function parameters, as well as cardiovas-
cular risk factors, and to study possible associations between EPCs
and perinatal factors in the preterm group.

METHODS
Study design and population
This cross-sectional observational study enrolled 136 children of
prepubertal age (mean age 10.7 ± 1.9 years) who were born
between 2007 and 2011; of them, 63 children (25 males and 38
females) were born prematurely (<37 weeks of gestational age).
Fifty-two of the preterm-born participants had birth weight
appropriate for gestational age (AGA), while 11 were small for
gestational age (SGA); AGA was defined as birth weight between
10th and 90th percentiles for gestational age, while SGA was
defined as birth weight below 10th percentile for gestational
age.45 The control group consisted of 73 healthy children (37
males and 36 females) born at term (37–42 weeks of gestational
age); of them, 61 were born AGA, while 12 were born SGA. All
participants were hospitalized as neonates in the Neonatal Unit of
the First Department of Pediatrics of National & Kapodistrian
University of Athens, at “Agia Sofia” Children’s Hospital, Athens,
Greece, and were followed up regularly in the neonatal follow-up
clinic.
In all participants, medical and family history was obtained,

while perinatal and neonatal data were collected from hospital
medical records. Pregnancy complications were recorded; mater-
nal gestational diabetes mellitus was defined as any degree of
glucose intolerance with onset or first recognition during
pregnancy;46 gestational hypertension was defined as SBP ≥140

mmHg and/or diastolic blood pressure (DBP) ≥90mmHg at
≥20 weeks of gestation in the absence of proteinuria or new
signs of end-organ dysfunction;47 preeclampsia was defined as
SBP ≥140mmHg and/or DBP ≥90mmHg at ≥20 weeks of
gestation in the presence of proteinuria or new signs of end-
organ dysfunction.47 Neonatal morbidity was also examined; BPD
was defined as supplemental oxygen requirements at 36 weeks of
postmenstrual age.44,48 Exclusion criteria were family history of
cardiovascular disease, congenital cardiovascular or pulmonary
malformations, active disease, or obesity [defined as body mass
index (BMI) ≥95th percentile for age]. Smoking behavior was also
assessed; all the participants were non-smokers. The study
protocol was approved by the Research and Ethics committee of
“Agia Sofia” Children’s Hospital, Athens, Greece corresponding to
the principles outlined in the Declaration of Helsinki. Informed
written consent was obtained from parents and children.

Clinical assessment
The participants attended the outpatient clinic at a similar time of
day (7.30–9.30 a.m.) after a 12-h overnight fast and were examined
in a temperature-controlled (21–24 °C), dimly lit room.10 Standing
height was measured to the nearest 0.1 cm on bare foot using a
Harpenden stadiometer (London, UK) and weight to the nearest
0.1 kg by a scale (Seca 712, UK) with subjects wearing light
clothing. Waist and hip circumference were also measured to the
nearest 0.1 cm over an unclothed abdomen and at minimal
respiration.10 The waist-to-hip ratio (WHR) and the BMI (weight in
kilograms divided by height in meters squared) were calculated.
Neck circumference was measured using a flexible tape measure,
with the neck in a horizontal plane at the level of the most
prominent portion, the thyroid cartilage.49 All anthropometric
measurements were performed twice; the mean was used for
analysis. Pubertal stage was assessed according to Tanner
criteria.50 SBP and DBP were measured three times in all
participants from the left brachial artery using an automatic
oscillometric blood pressure monitor, after a 10-min rest in a
sitting position and with an appropriate-sized cuff;51 the bladder
length was 80–100% of the circumference of the arm, and the
width was at least 40% of the circumference of the arm.52 The
second and third measurements were averaged for analysis.19

Blood biochemistry
Fasting serum glucose and insulin, total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), and triglycerides (TG) were measured in all
participants. The homeostasis model assessment of insulin
resistance (HOMA-IR) index was calculated as insulin (μU/ml) ×
blood glucose (mmol/l)/22.5; IR was defined as HOMA-IR >2.5.53

Ultrasound studies
Measurement of cIMT and aIMT. Two-dimensional ultrasound
examination of left and right common carotid arteries, and
abdominal aorta was performed with the Logiq E9 US system
(General Electric Healthcare, Wauwatosa, WI, USA) using a 7.5 MHz
high-resolution probe following a standardized scanning
method.54,55 The cIMT was defined as the distance between the
leading edges of the lumen–intima and the media–adventitia
interface of the far wall.54 Six measurements were performed on
each side; the calculated mean of the six measurements
provided, respectively, the arithmetic mean left and right cIMT
of each subject.56 The aIMT was defined as the distance from
the trailing edge of the intima to the trailing edge of the
media–adventitia interface of the far wall.21,55 Mean aIMT was
determined as the average reading of three measurements for
each subject.

FMD of the brachial artery. All children were fasted and free of
physical exercise for at least 8–12 h before the examination.51 With

Increased circulating endothelial progenitor cells (EPCs) in prepubertal. . .
P Markopoulou et al.

157

Pediatric Research (2021) 90:156 – 165



the subject in a supine position for at least 10 min before the scan,
the brachial artery was imaged above the antecubital fossa in the
longitudinal plane using the Logiq E9 US system (General Electric
Healthcare, Wauwatosa, WI, USA) and a 7.5 MHz linear probe,
following a standardized scanning protocol.57 A sphygmoman-
ometer pediatric-size cuff (7 × 20.6 cm) was placed distally to the
artery, above the antecubital fossa. A baseline rest image and a
pulsed Doppler velocity signal were acquired. Thereafter, arterial
occlusion was created by inflating the cuff to a pressure of
200–220mmHg for 5 min, followed by release.57 A midartery
pulsed Doppler signal was obtained upon immediate cuff release,
and the image of the artery was then recorded continuously for
15–180 s after cuff deflation.57 FMD was calculated using the
formula:
FMD= [(maximum dilatation diameter after deflation− base-

line diameter)/(baseline diameter)] × 100%.

Echocardiography. Examination was performed in left lateral
decubitus position using the Logiq E9 US system (General Electric
Healthcare, Wauwatosa, WI, USA) fitted with a 2.5–3.5 MHz
probe.58,59 Left ventricular ejection fraction (EF) and shortening
fraction (SF) were evaluated.58 End-diastolic interventricular septal
thickness (IVSd), left ventricular end-systolic (LVIDs) and end-
diastolic internal diameters (LVIDd), and end-diastolic left ven-
tricular posterior wall thickness (LVPWd) were measured according
to established standardized protocols.59 Left ventricular mass
(LVM) and relative wall thickness (RWT) were calculated;60 left
ventricular mass index (LVMI) was estimated by the formula: LVM/
body surface area.60 The mean pressure and velocity of the
pulmonary artery were also examined.
The ultrasound studies of cIMT, aIMT, and FMD of the

brachial artery were conducted by a single experienced vascular
sonographer, while the echocardiography was performed by a
single senior pediatric cardiologist, specialized in cardiac ultra-
sonography; both were blinded to the gestational age, as well as
to the clinical and laboratory characteristics of the study
population.

Flow cytometric analysis of circulating EPCs
For detection and quantification of EPCs, blood samples (1 ml)
were collected in 3.2% sodium citrate tubes following an
overnight fast in an atraumatic fashion. Peripheral blood mono-
nuclear cells (PBMNs) were isolated by Biocoll (Biochrom GmbH,
Germany) density-gradient centrifugation (2500 rpm for 25 min at
room temperature); recovered cells were washed twice with
phosphate-buffered saline (PBS) (Biosera, France), and thereafter
they were immediately stored at −80 °C. EPCs were phenotyped
and quantified by flow cytometry; 200 μl of each sample were
incubated with 5 μl of fluorochrome-labeled antibody specific for
CD34 [CD34-fluorescein isothiocyanate (FITC) (ImmunoTools)], 4 μl
of fluorochrome-labeled antibody specific for CD45 [CD45-
phycoerythrin (PE) (ImmunoTools)], and 10 μl of fluorochrome-
labeled antibody specific for CD309 (VEGFR-2/KDR) [CD309
(VEGFR-2/KDR)-APC (Miltenyi Biotec, Germany)] for 20 min at 4 °C
in the dark. After staining, samples were diluted with 2 ml of PBS
(Biosera, France) before flow cytometric analysis.
For quantification of CD34(+)/VEGFR-2(+)/CD45(−) and CD34

(+)/VEGFR-2(+)/CD45dim EPCs, initially we gated CD45(−) and
CD45dim PBMNs (Fig. 1a). Then the dual expression of CD34 and
VEGFR-2 was determined within the CD45(−) and CD45dim
populations (Fig. 1b). In addition, unstained and spiked samples
for CD34(+) and VEGFR-2(+) were used to assist the set-up of the
gates (Supplementary Fig. 1). Further information regarding the
gating strategy is given in Supplementary Material.
Samples were analyzed in a fluorescence-activated cell sorter

(FACS) Calibur flow cytometer (BD FACSCaliburTM, BD Biosciences).
The data obtained were analyzed using the Flowing Software
version 2.5.1. EPCs values are reported as the percentage of each

EPC subpopulation within the CD45(−) and CD45dim populations.
Forward scatter (FSC-H) and side scatter (SSC-H) had a linear gain,
while each fluorescent channel had a logarithmic gain. All samples
were analyzed in triplicate with excellent repeatability for all
EPCs subpopulations [intraclass correlation coefficient (ICC) >0.90
is indicative of excellent reliability61]; ICC= 0.97 for CD34
(+)/VEGFR-2(+)/CD45(−) and ICC= 0.93 for CD34(+)/VEGFR-2
(+)/CD45dim EPCs.

Statistical analysis
Statistical analysis was performed using SPSS version 23.0 (SPSS
Inc., Chicago, IL). Kolmogorov–Smirnov and Shapiro–Wilk proce-
dures were applied for testing normality of distribution. In
parameters with normal distribution, results are given as
mean ± SD; for parameters not normally distributed, results are
expressed as medians (25th–75th percentile). Groups were
compared using independent t test or Mann–Whitney test, as
appropriate, for continuous variables and chi-square test for
categorical variables. Linear correlations between variables of
interest were calculated using Pearson’s or Spearman’s correlation
coefficient for parameters with normal or skewed distribution,
respectively; stepwise multiple regression analysis was further
performed to investigate independent determinants of each EPC
subpopulation. Due to skewed distribution, EPCs values were log-
transformed before applying multiple regression analysis. Statis-
tical significance was accepted if the null hypothesis could be
rejected at p value ≤0.05.

CD45(–)

a

b

S
S
C
-H

V
E
G
F
R
-2

CD45dim

CD34(+)/VEGFR-2(+)

CD45(+)

CD45

CD34

Fig. 1 Gating strategy of endothelial progenitor cells (EPCs).
CD45(−) and CD45dim EPCs gating (a), and then, the resulting
populations from CD45 gating were examined for triple expression
of CD34 and VEGFR-2 (b). SSC-H side scatter height signal.
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RESULTS
The baseline clinical, perinatal, and biochemical characteristics of
study participants are shown in Table 1. Mean ± SD gestational
age and birth weight of prematurely born children were 31.7 ±
3.2 weeks and 1630 ± 536 g, respectively. Children born prema-
turely presented with higher waist circumference (p= 0.02), WHR
(p= 0.05), and neck circumference (p= 0.02) compared to
controls. Moreover, children born prematurely showed signifi-
cantly higher levels of both SBP (p= 0.003) and DBP (p= 0.02)
compared to children born at term. No significant differences
were found between preterm-born children and controls regard-
ing fasting serum glucose, insulin, HOMA-IR, or lipid levels
(Table 1).
In the preterm-born group, males presented with higher SBP

values compared to females (111.72 ± 10.79 mmHg vs. 105.01 ±
11.76 mmHg, p= 0.04). No significant gender-differences were
found regarding other clinical and biochemical parameters
examined in the preterm-born population.

Vascular and echocardiographic assessment
Higher values of left cIMT (p < 0.001), right cIMT (p < 0.001), mean
cIMT (p < 0.001), as well as aIMT (p= 0.01), were found in preterm-
born children in comparison with controls (Table 2). Furthermore,
the peak velocity of the brachial artery was significantly lower in
children born prematurely (p= 0.001); FMD, baseline and peak
diameter, baseline velocity, and time of peak of the brachial artery
did not differ significantly between children born prematurely and
children born at term. Also, there were no significant differences
between children born prematurely and controls regarding EF, SF,
IVSd, LVIDs, LVIDd, LVPWd, LVM, LVMI, or RWT (Table 2). However,
mean pressure and velocity of pulmonary artery were found
significantly higher in preterm-born children in comparison with
controls (p= 0.04 and p= 0.02, respectively).
In the preterm-born group, males presented with greater baseline

diameter (3.03 ± 0.32mm vs. 2.78 ± 0.28mm, p= 0.003) and velocity
[77.40 (66.50–83.80) cm/s vs. 66.25 (58.33–76.25) cm/s, p= 0.01] and
peak diameter (3.49 ± 0.29mm vs. 3.10 ± 0.34mm, p < 0.001) of the
brachial artery, as well as with greater IVSd (8.18 ± 1.71mm vs.
7.28 ± 1.56mm, p= 0.03) compared to females. No significant
gender-differences were found in other vascular or echocardio-
graphic parameters examined in the preterm-born group.

Flow cytometric analysis of EPCs
In preterm-born children, circulating CD34(+)/VEGFR-2(+)/CD45
(−) and CD34(+)/VEGFR-2(+)/CD45dim EPCs were significantly
higher compared to controls [0.45 (0.14–2.55)% vs. 0.15
(0.05–0.42)%, p < 0.001 and 8.69 (4.09–22.60)% vs. 3.14
(1.16–7.59)%, p < 0.001, respectively] (Fig. 2). In the total study
population, CD34(+)/VEGFR-2(+)/CD45(−) and CD34(+)/VEGFR-2
(+)/CD45dim EPCs were significantly lower in children born to
mothers with gestational diabetes compared to those born to
non-diabetic mothers [0.10 (0.03–0.25)% vs. 0.28 (0.10–1.55)%,
p= 0.005 and 2.52 (1.43–5.00)% vs. 5.70 (2.18–13.85)%, p= 0.02,
respectively]. Similarly, in the preterm-born population, CD34
(+)/VEGFR-2(+)/CD45(−) and CD34(+)/VEGFR-2(+)/CD45dim
EPCs were significantly lower in children born to mothers with
gestational diabetes compared to non-diabetic mothers [0.16
(0.12–0.27)% vs. 0.72 (0.16–2.99)%, p= 0.04 and 4.13 (2.30–6.36)%
vs. 8.60 (4.25–22.36)%, p= 0.03, respectively]. In the total study
population, as well as in the preterm-born group, EPCs
subpopulations studied did not differ either between children
born to mothers with gestational hypertension or preeclampsia or
mothers who smoke during pregnancy, compared to those born
to non-hypertensive, non-preeclamptic, or non-smoking mothers
or between preterm-born children who had presented BPD,
intraventricular hemorrhage (IVH), retinopathy of prematurity
(ROP), or patent ductus arteriosus (PDA) in comparison to those
with no perinatal morbidity.

Differences remained statistically significant when EPCs were
analyzed separately for males and females; circulating CD34
(+)/VEGFR-2(+)/CD45(−) and CD34(+)/VEGFR-2(+)/CD45dim
EPCs were significantly higher in both preterm-born males and
females compared to males and females, respectively, born at
term [for males: 0.32 (0.16–1.71)% vs. 0.14 (0.05–0.47)%, p= 0.05
and 7.20 (3.86–13.13)% vs. 3.65 (1.27–7.02)%, p= 0.02, respec-
tively; for females: 0.67 (0.13–5.17)% vs. 0.15 (0.05–0.46)%,
p= 0.004 and 9.13 (4.14–43.42)% vs. 2.78 (0.99–9.08)%, p < 0.001,
respectively]. In the preterm group, no differences were found
between males and females regarding EPCs subpopulations
studied.

Table 1. Clinical and perinatal characteristics and blood biochemistry
of preterm-born children and controls.

Variable Preterm-born
children
(n= 63)

Controls
(n= 73)

p value

Age (years) 10.9 ± 1.9 10.6 ± 2.0 0.20

Males (n) 25 37 0.27

Small for gestational
age (SGA)

11 12 0.37

Maternal age at birth
(years)

32.8 ± 4.6 32.5 ± 5.1 0.65

Maternal gestational
hypertension [n (%)]

6 (9.5) 1 (1.4) 0.01

Maternal preeclampsia
[n (%)]

5 (7.9) 1 (1.4) 0.02

Maternal gestational
diabetes [n (%)]

7 (11.1) 7 (9.6) 1.00

Maternal smoking during
pregnancy [n (%)]

6 (9.5) 1 (1.4) 0.04

Cesarean delivery [n (%)] 55 (87.3) 30 (41.1) <0.001

Gestational age (weeks) 31.7 ± 3.2 39.0 ± 1.0 <0.001

Birth weight (g) 1630 ± 536 3229 ± 452 <0.001

BPD [n (%)] 11 (17.5) 0 (0) <0.001

IVH [n (%)] 14 (22.2) 0 (0) <0.001

ROP [n (%)] 18 (28.6) 0 (0) <0.001

PDA [n (%)] 8 (12.7) 0 (0) <0.001

Weight (kg) 42.0 ± 11.9 38.4 ± 10.2 0.07

Height (cm) 146.2 ± 12.3 143.5 ± 12.7 0.25

BMI (kg/m2) 19.3 ± 3.3 18.4 ± 2.8 0.11

Waist circumference (cm) 72.1 ± 9.9 68.3 ± 8.6 0.02

Hip circumference (cm) 80.4 ± 10.1 77.7 ± 8.6 0.10

WHR 0.90 ± 0.05 0.88 ± 0.04 0.05

Neck circumference (cm) 30.0 ± 2.5 29.0 ± 1.8 0.02

SBP (mmHg) 107.7 ± 11.8 101.8 ± 9.0 0.003

DBP (mmHg) 66.6 ± 7.4 63.5 ± 7.3 0.02

Glucose (mg/dl) 78.6 ± 9.2 79.9 ± 7.0 0.17

Insulin (μUI/ml) 7.0 (5.1–10.1) 6.7 (5.7–8.8) 0.84

HOMA-IR 1.28 (0.94–2.01) 1.29 (1.07–1.82) 0.98

TC (mg/dl) 150.0 (135–176) 156.5 (141.3–168.5) 0.22

HDL-C (mg/dl) 62.2 ± 13.5 63.5 ± 14.0 0.75

LDL-C (mg/dl) 74.0 (60.0–95.0) 80.0 (67.3–93.0) 0.26

TG (mg/dl) 51.0 (40.0–68.0) 55.5 (38.3–69.8) 0.47

Statistically significant p values are in bold ≤ 0.05.
SGA small for gestational age, BMD bronchopulmonary dysplasia, IVH
interventricular hemorrhage, ROP retinopathy of prematurity, PDA patent
ductus arteriosus, BMI body mass index, WHR waist-to-hip ratio, SBP systolic
blood pressure, DBP diastolic blood pressure, HOMA-IR homeostasis model
assessment of insulin resistance index, TC total cholesterol, HDL-C high-
density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol,
TG triglycerides.
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In the total study population, circulating CD34(+)/VEGFR-2
(+)/CD45(−) EPCs were correlated significantly with gestational
age, birth weight, SBP, DBP, TC, mean cIMT, and mean pressure
and velocity of pulmonary artery; circulating CD34(+)/VEGFR-2
(+)/CD45dim EPCs correlated with gestational age, birth weight,
SBP, DBP, TC, TG, LDL, mean cIMT, EF, SF, and mean pressure and
velocity of pulmonary artery (Table 3). In the preterm-born group,
circulating CD34(+)/VEGFR-2(+)/CD45(−) EPCs correlated signifi-
cantly with SBP, DBP, TC, aIMT, and mean pressure and velocity of
pulmonary artery; circulating CD34(+)/VEGFR-2(+)/CD45dim EPCs
correlated with age, WHR, SBP, TC, LDL, aIMT, and mean pressure
and velocity of pulmonary artery (Table 4).
Multiple linear regression analyses were then applied, with each

EPC subpopulation as a dependent variable, in order to examine
whether the above associations remained significant. When
adjusting for age, sex, as well as for parameters of maternal and
neonatal morbidity, preterm birth and maternal gestational
diabetes were recognized as independent predictors for each
EPC subpopulation studied; more specifically, preterm birth
correlated significantly with CD34(+)/VEGFR-2(+)/CD45(−) EPCs
(β= 0.33, p= 0.003) and CD34(+)/VEGFR-2(+)/CD45dim EPCs
(β= 0.40, p < 0.001), while maternal gestational diabetes corre-
lated significantly with CD34(+)/VEGFR-2(+)/CD45(−) EPCs
(β=−0.28, p= 0.01) and CD34(+)/VEGFR-2(+)/CD45dim EPCs
(β=−0.21, p= 0.04). Moreover, total cholesterol levels were
independently correlated with CD34(+)/VEGFR-2(+)/CD45dim
EPCs (β=−0.22, p= 0.03). In preterm-born children, maternal
gestational diabetes (β=−0.28, p= 0.04), SBP (β= 0.27, p= 0.05),
total cholesterol levels (β=−0.37, p= 0.01) and aIMT (β=−0.40,
p= 0.004) were independently correlated with CD34(+)/VEGFR-2
(+)/CD45(−) EPCs; maternal gestational diabetes (β=−0.34, p=
0.01), age (β= 0.42, p= 0.001), total cholesterol levels (β=−0.36,

p= 0.01), and aIMT (β=−0.39, p= 0.002) correlated indepen-
dently with CD34(+)/VEGFR-2(+)/CD45dim EPCs.

DISCUSSION
In this study, circulating CD34(+)/VEGFR-2(+)/CD45(−) and
CD34(+)/VEGFR-2(+)/CD45dim EPCs were significantly higher
in prepubertal children born prematurely compared to children
born at term, thus indicating that prematurity is possibly
associated with endothelial damage and increased EPCs
mobilization, which is already evident in childhood. Further-
more, in the total study population, as well as in preterm-born
children, circulating CD34(+)/VEGFR-2(+)/CD45(−) and CD34
(+)/VEGFR-2(+)/CD45dim EPCs were significantly lower in
children born to mothers with gestational diabetes compared
to those born to non-diabetic mothers. Preterm birth and
maternal gestational diabetes were recognized as independent
predictors of both EPCs subpopulations studied; moreover, in
preterm-born children, maternal gestational diabetes, total
cholesterol levels, and aIMT were independently correlated with
both CD34(+)/VEGFR-2(+)/CD45(−) and CD34(+)/VEGFR-2
(+)/CD45dim EPCs. Interestingly, preterm-born children also
presented with a number of cardiovascular risk factors, including
higher waist circumference, WHR and neck circumference,
higher levels of both SBP and DBP, as well as increased cIMT
and aIMT values, compared to controls. Furthermore, peak
velocity of the brachial artery was lower in preterm-born
children compared to controls.
To the best of our knowledge, this is the first study that

investigated circulating EPCs in preterm-born individuals in
childhood. Our study population was derived from the follow-up
outpatient clinic of our Neonatal Unit, whereas healthy

Table 2. Vascular assessment and echocardiography in preterm-born children and controls.

Variable Preterm-born children (n= 63) Controls (n= 73) p value

Left cIMT (mm) 0.32 ± 0.05 0.29 ± 0.04 <0.001

Right cIMT (mm) 0.33 ± 0.05 0.28 ± 0.03 <0.001

Mean cIMT (mm) 0.33 ± 0.04 0.28 ± 0.04 <0.001

aIMT (mm) 0.44 ± 0.12 0.39 ± 0.07 0.01

Baseline diameter of brachial artery (mm) 2.88 ± 0.32 2.92 ± 0.31 0.54

Baseline velocity of brachial artery (cm/s) 71.50 (62.20–79.80) 67.30 (59.68–90.40) 0.98

Peak diameter of brachial artery (mm) 3.25 ± 0.38 3.26 ± 0.37 0.86

Time of peak of brachial artery (s) 60.0 (45.0–75.0) 60.0 (41.25–75.0) 0.81

Peak velocity of brachial artery (cm/s) 103.70 (91.40–118.45) 119.90 (104.60–127.25) 0.001

FMD of brachial artery (%) 12.85 ± 7.84 11.87 ± 5.91 0.44

EF (%) 71.00 (68.30–75.00) 70.26 (68.29–74.00) 0.32

SF (%) 39.88 (38.00–43.18) 39.00 (37.02–42.00) 0.27

IVSd (mm) 7.66 ± 1.67 7.29 ± 1.60 0.21

LVIDs (mm) 22.32 ± 3.31 23.26 ± 4.12 0.17

LVIDd (mm) 37.26 ± 4.87 37.23 ± 6.07 0.98

LVPWd (mm) 6.17 ± 1.96 6.31 ± 1.68 0.66

LVM (g) 64.68 (50.42–85.76) 67.68 (51.97–79.38) 0.97

LVMI (g/m2) 53.33 ± 14.15 55.41 ± 11.09 0.41

RWT 0.37 (0.31–0.44) 0.37 (0.32–0.42) 0.88

Mean pressure of pulmonary artery (mmHg) 4.68 (3.68–6.26) 3.98 (3.33–5.42) 0.04

Mean velocity of pulmonary artery (m/s) 1.09 (0.96–1.27) 1.00 (0.91–1.15) 0.02

Statistically significant p values are in bold ≤ 0.05.
cIMT carotid intima-media thickness, aIMT abdominal aortic intima-media thickness, FMD flow-mediated dilation of the brachial artery, EF ejection fraction, SF
shortening fraction, IVSd end-diastolic interventricular septum thickness, LVIDs left ventricular end-systolic internal diameter, LVIDd left ventricular end-diastolic
internal diameter, LVPWd end-diastolic left ventricular posterior wall thickness, LVM left ventricular mass, LVMI left ventricular mass index, RWT relative wall
thickness.
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prepubertal children born either prematurely or after a full-term
pregnancy were enrolled; perinatal data and medical records were
reliably recorded and easily accessed. It should be acknowledged
that EPCs express different cell surface markers and their isolation
can be performed by cell culture or by immunofluorometric
methods, such as flow cytometry.62 Flow cytometry, used in this
study, is an easy, reliable, and rapid assay for ex vivo quantitative
assessment of circulating EPCs subpopulations; small total blood
volumes are needed for EPCs enumeration, which is quite
important in pediatric populations.62 Regarding the cell surface
markers that have been used to identify EPCs, a combination of an
immaturity/stem antigen (CD34 and/or CD133)62,63 and one
endothelial antigen (VEGFR-2) is commonly employed;62,64 the
CD45(−) and, more specifically, the CD45dim population, provide
more precision to the characterization of EPCs.31,62 All the above
consisted the main strengths of our study.

EPCs are mobilized from bone marrow to participate in
endothelial repair in response to endogenous or exogenous
signals;27 they contribute to vascular integrity, tissue regeneration
in ischemia, tissue remodeling, and physiological neovasculariza-
tion, functions that are extremely important during organogenesis
and postnatal development.27,65 Decreased EPCs counts in
preterm infants were predictive for the development of BPD.44

Furthermore, EPCs dysfunction has been observed in preterm-
born adults with a history of BPD, as well as in those with
increased SBP into adulthood.40,44

EPCs have been examined in several cardiovascular and
inflammatory diseases in adults; an increased number of EPCs is
often observed in patients with acute coronary syndrome.32,33,66,67

In contrast, reduced EPCs number and altered EPCs function were
found in cardiovascular high-risk patients, including those with
diabetes mellitus,68 systemic hypertension,69 and chronic kidney
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Fig. 2 Representative prints out of flow cytometric determination of endothelial progenitor cells (EPCs) in preterm-born children and in
children born at term. Representative prints out of flow cytometric determination of CD34(+)/VEGFR-2(+)/CD45(-) EPCs in a child born
prematurely (left) and in a child born at term (right) (b). Representatitve prints out of flow cytometric determination of CD34(+)/VEGFR-2
(+)/CD45dim EPCs in a child born prematurely (left) and in a child born at term (right) (c). Unstained sample (a).
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disease.70 Furthermore, increased EPCs counts have been found in
early and less severe stages of heart failure, although EPCs
numbers seem to decrease with further disease progression.71 In
many inflammatory diseases, such as rheumatoid arthritis,72,73

systemic lupus erythematosus,74 and systemic sclerosis,75,76 the
findings on EPCs counts are conflicting; decreased peripheral
levels and functionally impaired EPCs, but also increased EPCs
counts that correlated with disease activity have been reported.
The above conflicting results could not only be attributed to
different EPCs subpopulations studied, but also to possible
influence of each disease duration and activity on EPCs
quantities.67 Furthermore, EPCs subpopulations were increased
in children and adolescents with active systemic vasculitis,77

transfusion-dependent b-thalassemia,78 and type 1 diabetes
mellitus,79 while EPCs were found to be reduced and with
impaired function in obese children30 and in children with chronic
kidney disease.80 Normal values of EPCs in children have not been
determined yet; however, levels of EPCs observed in controls in
the studies mentioned above are similar to EPCs levels of the
controls in our study.
Data on EPCs in gestational diabetes mellitus are limited and

conflicting.81–84 In pregnancies complicated with gestational
diabetes, cord blood endothelial colony-forming cells (ECFCs)—a
specific subpopulation of EPCs—exhibited unique phenotypic
alterations and altered functionality,42 which was hypothesized to
contribute to the enhanced cardiometabolic risk of developing
hypertension, type 2 diabetes, and obesity in the offspring.
Furthermore, women with gestational impaired glucose tolerance
or gestational diabetes presented with lower EPCs subpopulations
during the third trimester of pregnancy and after delivery
compared to women with normal glucose tolerance42,82,83,85;
reduced EPCs counts in cord blood were also observed.82 Thus,
alterations in glucose tolerance during pregnancy seem to be
associated with a decrease in circulating EPCs levels,83 which was
the case in our study. The mechanisms responsible for the above
EPCs reduction is less clear; it might have resulted from defective
bone marrow EPCs release, increased EPCs apoptosis, and/or
increased EPCs utilization in peripheral circulation.83,85

In general, it is unanimously accepted that impaired endothelial
function is a major regulator in the pathogenesis of atherosclerosis
and in the development of cardiovascular disease and/or
metabolic syndrome.86,87 Nevertheless, discrepancy exists among
studies in the relationship between preterm birth and endothelial
dysfunction.8,17,19,22,23,88 In our study, prematurity was found to be
linked with endothelial dysfunction parameters, such as cIMT and
aIMT. cIMT is an indicator of generalized atherosclerosis and a
powerful predictor of future cardiovascular events.89 High cIMT
values are strongly associated with cardiovascular risk factors, e.g.,
increased arterial blood pressure and diabetes mellitus.90–93

Increased cIMT in preterm-born individuals was considered to
be one of the earliest signs of atheromatous plaque formation.22

Furthermore, aIMT provides an important index of preclinical
atherosclerosis, already from childhood, and has significant
associations with cardiovascular risk factors, i.e., hypercholester-
olemia and diabetes mellitus.21,55,94 It has been shown that aIMT is
superior to cIMT in both feasibility and association with
cardiovascular risk factors, and it might provide the best currently
available non-invasive marker of preclinical atherosclerosis in
children.55,95 In our preterm-born population, EPCs subpopula-
tions studied correlated inversely and independently with aIMT;
these findings are consistent with previous data in adults
indicating that EPCs number decreases in the presence of
aortic atherosclerotic plaque.96 Furthermore, several studies
have shown an inverse correlation between EPCs and cIMT;97–99

EPCs decrease was found to correlate with the severity of
carotid atherosclerosis and possibly with pathophysiologic
mechanisms promoting further structural changes within the
arterial wall.97–99

Table 3. Significant correlations of CD34(+)/VEGFR-2(+)/CD45(−) and
CD34(+)/VEGFR-2(+)/CD45dim EPCs with clinical, biochemical, and
vascular/echocardiographic parameters in the total study population.

Correlation coefficient p value

CD34(+)/VEGFR-2(+)/CD45(−) EPCs

Gestational age −0.20 0.03

Birth weight −0.22 0.01

SBP 0.22 0.02

DBP 0.24 0.01

TC −0.21 0.03

Mean cIMT 0.24 0.01

Mean pressure of pulmonary artery 0.23 0.01

Mean velocity of pulmonary artery 0.25 0.01

CD34(+)/VEGFR-2(+)/CD45dim EPCs

Gestational age −0.28 0.001

Birth weight −0.30 0.001

SBP 0.18 0.04

DBP 0.21 0.02

TC −0.20 0.03

TG −0.22 0.01

LDL −0.22 0.02

Mean cIMT 0.27 0.03

EF 0.21 0.02

SF 0.24 0.01

Mean pressure of pulmonary artery 0.21 0.02

Mean velocity of pulmonary artery 0.23 0.01

SBP systolic blood pressure, DBP diastolic blood pressure, TC total
cholesterol, TG triglycerides, LDL low-density lipoprotein cholesterol, cIMT
carotid intima-media thickness, EF ejection fraction, SF shortening fraction.

Table 4. Significant correlations of CD34(+)/VEGFR-2(+)/CD45(−) and
CD34(+)/VEGFR-2(+)/CD45dim EPCs with clinical, biochemical, and
vascular/echocardiographic parameters in the preterm-born
population.

Correlation coefficient p value

CD34(+)/VEGFR-2(+)/CD45(−) EPCs

SBP 0.31 0.02

DBP 0.25 0.04

TC −0.32 0.01

aIMT −0.27 0.04

Mean pressure of pulmonary artery 0.38 0.004

Mean velocity of pulmonary artery 0.39 0.004

CD34(+)/VEGFR-2(+)/CD45dim EPCs

Age 0.24 0.05

WHR −0.31 0.01

SBP 0.26 0.04

TC −0.33 0.01

LDL −0.26 0.04

aIMT −0.27 0.03

Mean pressure of pulmonary artery 0.30 0.03

Mean velocity of pulmonary artery 0.32 0.02

SBP systolic blood pressure, DBP diastolic blood pressure, TC total
cholesterol, TG triglycerides, LDL low-density lipoprotein cholesterol, cIMT
carotid intima-media thickness, EF ejection fraction, SF shortening fraction.
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Regarding FMD, we did not find a significant difference between
children born prematurely and children born at term; this is in
concordance with similar studies in the literature in both children
and adults.26,100 The absence of significant difference in FMD
values between groups can possibly be explained by the fact that
we enrolled healthy children of young age. Age-related endothelial
dysfunction has been already highlighted in previous studies in
adults.101 Furthermore, the degree of prematurity,17 as well as the
influence of intrauterine growth restriction (IUGR) on preterm birth,
have been associated with critical differences in endothelial
function in later life.19,88 The preterm-born group, in our study,
consisted of a limited SGA and/or IUGR fraction, while gestational
age had a wide range extending from extremely preterm to late
preterm birth. Nevertheless, peak velocity of brachial artery was
found to be significantly lower in preterm-born children. In several
studies, hyperemic blood-flow velocity of the brachial artery was
related to cardiovascular risk factors, while it was also recognized
as the main determinant of FMD.102 Furthermore, peak velocity of
the brachial artery, during hyperemia, has been inversely
correlated with the Framingham risk score.103

Contrary to previous studies demonstrating a unique cardiovas-
cular phenotype of preterm-born adults,14 no difference was found
in cardiac structure and function, including EF, SF, IVSd, LVDIs,
LVIDd, LVPWd, LVM, LVMI, and RWT, between our preterm-born
children and children born at term. However, modulation of
ventricular mass morphology, function, and geometry may appear
later in life and not so early in childhood.14,104 Furthermore, the
preterm heart is often exposed to conditions that increase cardiac
workload, such as PDA leading to important left-to-right shunting
and BPD, with the risk of pulmonary hypertension.3 The limited
sample size in addition to the low prevalence of neonatal
comorbidities in our study population may not highlight small-
to-moderate differences of cardiac morphology and function
parameters between the compared groups. It has been previously
shown that the degree of prematurity correlates independently
with increased LVM, while very preterm (28–31 weeks of gestation)
and extremely preterm (<28 weeks of gestation) individuals seem
to be more susceptible to cardiac alterations.16 Our study indeed
showed significantly higher mean pressure and velocity of
pulmonary artery, although within normal range, in preterm-born
children. Longitudinal cardiac imaging studies in preterm-born
individuals are necessary to shed light on the evolution of cardiac
remodeling over time in the above population.
Lipid levels did not differ between preterm-born children and

children born at term; it remains unclear whether prematurity is
associated with alterations in lipid profile, as relevant studies
present controversial findings.8,105 Regarding EPCs and lipid
profile, EPCs number was reported to be significantly lower in
patients with hypercholesterolemia compared with controls and
also inversely correlated with total cholesterol and LDL-C
levels;106,107 results that come in concordance with our findings.
This study has some limitations. First, although we enrolled an

adequate number of preterm-born children in order to assure
statistically significant results for primary outcomes, this number
was not sufficient enough to reveal possible correlations between
EPCs and maternal and/or neonatal morbidity related to
prematurity, such as maternal gestational hypertension and
preeclampsia, BPD, IVH, ROP, etc. Second, another limitation is
relevant to the lack of consensus regarding the identity of EPCs by
cell surface antigens, while the poor standardization of assays for
EPCs isolation remains a major cause of conflicting results as
regards EPCs biology in human diseases.77 In our study, we
performed phenotyping EPCs identification without evaluating
their functional characteristics or their vasculogenic and clono-
genic capacity. However, it is a key point that circulating CD34(+)/
VEGFR-2(+)/CD45(−) and CD34(+)/VEGFR-2(+)/CD45dim EPCs
were recognized as representing EPCs subpopulations for their
role in vascular integrity, tissue remodeling, and physiological

neovascularization. Further studies are required to investigate
additional associations between EPCs and prematurity, as well as
preterm birth complications; the underlying mechanisms leading
to impaired EPCs numbers and/or function in preterm-born
individuals should be elucidated in order to determine the
potential role of EPCs in the development of cardiovascular risk.44

In conclusion, circulating levels of EPCs are increased in
prepubertal children born prematurely in comparison with their
peers born at term, while gestational diabetes mellitus is
associated with reduced EPCs levels. Prematurity is associated
with indices of endothelial dysfunction and increased cardiovas-
cular risk in children of prepubertal age. As data accumulate, we—
as others16,108—propose that children born prematurely should be
followed up in a regular and prolonged basis for the early
detection of abnormalities associated with increased cardiovas-
cular risk. Whether assessment of circulating EPCs is warranted in
preterm-born individuals, in clinical practice, as a new tool for
non-invasive evaluation of endothelium and risk stratification, or
as a potential biomarker for novel therapeutic options remains to
be defined in future investigations.
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