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ABSTRACT
Background and objectives: Impaired fetal growth
is associated with increased cardiovascular morbidity
and mortality in adulthood. We sought to determine
whether adults born with intrauterine growth restriction
have primary maladaptive changes in cardiac structure.
Methods: Study participants were adults (34–
49 years) who attended the 31-year follow-up of the
Cardiovascular Risk in Young Finns Study (longitudinal
cohort). Transthoracic echocardiograms and
demographic and cardiovascular risk surveys were
completed for 157 adults born small for gestational
age (SGA, birth weight <10th population centile) and
627 born average for gestational age (average for
gestational age (AGA), birth weight 50th–90th
population centile).
Results: Those born growth restricted had subtly
enlarged hearts with indexed left ventricular (LV) end-
systolic and end-diastolic diameters slightly greater in
the SGA individuals than the AGA group (LVESD
18.7 mm/m2 SGA vs 18.1 mm/m2 AGA, p<0.01; LVEDD
27.5 mm/m2 SGA vs 26.6 mm/m2 AGA, p<0.01); LV
base-to-apex length (47.4 mm/m2 SGA vs 46.0 mm/m2

AGA, p<0.01); LV basal diameter (26.4 mm/m2 SGA vs
25.7 mm/m2 AGA, p<0.01); and right ventricular base-
to-apex length (40.1 mm/m2 SGA vs 39.2 mm/m2 AGA,
p=0.02). LV stroke volume was greater in those born
AGA (74.5 mL SGA vs 78.8 mL AGA, p<0.01), with no
significant difference in cardiac output (5 L/min SGA vs
5.2 L/min AGA, p=0.06), heart rate, diastolic indices or
sphericity index.
Conclusions: Adults born SGA have some statistically
significant but subtle changes in cardiac structure and
function, which are less marked than have been
described in childhood, and are unlikely to play a
pathogenic role in their elevated cardiovascular risk.

INTRODUCTION
Impaired fetal growth (birth weight<10th
population centile) has well-established epi-
demiological links with increased cardiovas-
cular morbidity and mortality in

adulthood.1 2 The mechanisms responsible
for this link are not well defined; however,
low birthweight babies have early onset and
early increased progression of subclinical ath-
erosclerosis.3–6 There is also evidence in the
literature that primary maladaptive structural
cardiac changes occur in utero; with dilated
cardiomyopathy-like changes and subse-
quently a more globular heart, with
increased transverse diameters (by approxi-
mately 20%) in childhood.7 This is accom-
panied by subtly reduced stroke volume,
which appears to be compensated for by an
increased heart rate (by approximately 10%).

KEY QUESTIONS

What is already known about this subject?
▸ Fetal growth restriction has a well-established

association with increased cardiovascular morbid-
ity and mortality in adulthood. The underlying
pathogenic process is not well understood;
however, there is evidence for premature endothe-
lial dysfunction, early progression of atheroscler-
osis and cardiac structural changes in early life.

What does this study add?
▸ In 784 young adults followed since birth, we

found that young adults who had been born
small for gestational age have only very subtle
changes in cardiac structure and function, com-
pared to those born at normal weight.

How might this impact on clinical practice?
▸ This study will help to focus the investigations

into the elevated cardiovascular risk in those
born small for gestational age on other possible
mechanisms such as endothelial dysfunction
and premature atherosclerotic progression.
Despite the predominantly neutral results in this
study, it is extremely valuable in terms of shed-
ding light on the mechanisms contributing to
this cohort’s cardiovascular risk profile.
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These changes have been shown to extend into adult-
hood in experimental animal models of fetal growth
restriction; however, whether these changes in cardiac
structure and function persist into adulthood in low
birthweight humans remains unknown.7 8 Recent studies
do, however, indicate that low birth weight does signifi-
cantly correlate with left ventricular (LV) mass, an inde-
pendent predictor of long-term cardiovascular morbidity
and mortality, in adolescence.9 If these structural
changes do persist into adulthood, the long-term clinical
ramifications of a reduced stroke volume and relative
sinus tachycardia have not been clearly defined.
Accordingly, we sought to determine whether cardiac

structure and function are altered in adults who were
born with fetal growth restriction, when compared to
those born with healthy birth weight. Specifically, we
hypothesised that the changes in LV and right ventricular
(RV) structure and function seen in childhood, notably a
globular or less elongated heart,8 persist into adulthood.

METHODS
Population
The Cardiovascular Risk in Young Finns Study is an
ongoing longitudinal community-based study, initiated
in 1980, that enrolled 3596 children and adolescents
aged 3–18 years.10 It encompasses five Finnish University
cities with medical schools and the surrounding area,
with participants invited at random from the National
Population Registry. The participants attended follow-up
visits at three yearly intervals between 1980 and 1992
with comprehensive data collection performed at each
time point. This included completion of a questionnaire
regarding their birth weight, gestation at birth, and psy-
chosocial data; physical examination, blood tests and car-
diovascular diagnostic studies. They were asked to bring
their records from the well-baby clinics, which were
reviewed by the study nurses.6 10

The 31-year follow-up visits were completed in 2011 at
age 34–49 years. Cardiac data were obtained on a subset
of individuals (1680; figure 1). All participants were
born at term, with small for gestational age (SGA) pro-
spectively defined as <10th cohort-specific percentile for
birth weight stratified by gender, and appropriate weight
for gestational age (AGA) defined as 50th–90th popula-
tion centile. At this visit, the prospectively defined parti-
cipants of interest (n=157 born SGA and n=627 born
AGA consented to participate) underwent a transthor-
acic echocardiogram with standard views obtained.
Other relevant follow-up data obtained at this visit
included socioeconomic, lifestyle and cardiovascular risk
profiles.10–12 This study complies with the Declaration of
Helsinki and was approved by local ethics committees.
Participating individuals gave written informed consent.

Transthoracic echocardiograms
The examinations were performed according to
American and European guidelines.13 14 Sonographers

from different locations were trained for cardiac echo-
cardiography and study protocol. Transthoracic echocar-
diograms were performed with Acuson Sequoia 512
(Acuson Mountain View, California, USA) ultrasonog-
raphy, using a 3.5 MHz scanning frequency phased-array
transducer. Analysis of the echo images were performed
by a single observer using the ComPACS 10.7.8 analysis
program (MediMatic Solutions, Genova, Italy). Both the
sonographer and the observer were blinded to the indi-
vidual’s birth weight category. Standard echocardio-
graphic views were obtained in all participants;
parasternal long and short axis, and apical four-
chamber. Complete two-dimentional, M mode, continu-
ous and pulsed-wave Doppler, and tissue velocities of the
cardiac chambers were performed.
All dimensions were indexed to body surface area

(BSA) during analysis, as per the European Society of
Cardiology guidelines. The formula used to calculate
BSA was DuBois and DuBois ((weight)kg to the power
of 0.425×(height)m to the power of 0.725×0.007184).
Dilated left ventricular end-diastolic (LVED) diameter
indexed to BSA was defined as >32 mm/m2 in women
and >31 mm/m2 in men.13 15 16

Assessment of demographics and cardiovascular risk
factors
Blood pressure was measured using a random zero
sphygmomanometer (Hawksley & Sons), with an average
of three measurements recorded. Heart rate was
recorded manually by trial nurses. A self-administered
questionnaire was used to determine current health
status (medications, medical conditions), smoking status,
employment and marital status.

STATISTICAL ANALYSIS
On the basis of the changes noted in previous studies in
the low birth weight children, our prospectively defined

Figure 1 Study population (AGA, appropriate birth weight for

gestational age; SGA, small for gestational age).
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primary outcomes were end-diastolic ventricular dimen-
sions (LVED diameter and volume, RV end-diastolic
diameter and volume), LV stroke volume, heart rate,
cardiac output and sphericity indices for both
ventricles.7

Normal distribution of data was assessed using a visual
assessment of histograms and confirmed by the
Kolmogorov-Smirnov test. Skewed data was log trans-
formed for analysis. Descriptive data are shown as the
mean (SD) for normally distributed data and as the
median (IQR) for non-normally distributed data, with χ2

tests for categorical data. The associations of birth
weight category with cardiac measures were analysed by
analysis of covariance, adjusting for age, sex, blood pres-
sure, physical activity and socioeconomic status.
Intraobserver variability was assessed in 50 randomly
selected participants (from all birth weight categories)
for left and RV chamber size and mass using intraclass

correlation coefficient (ICC) with 5th and 95th centile
CIs and coefficient of variance (mean±SE). This demon-
strated excellent reproducibility (ICC 0.77–0.94, table
not included). A two-tailed value of p<0.05 was consid-
ered statistically significant. Statistical analysis was carried
out using SPSS V.22.0.

RESULTS
Study population
The perinatal characteristics of the study population are
outlined in table 1. As expected, the SGA cohort had a
lower mean birth weight of 2816 g (SD 220.9), com-
pared with 3844 g (SD 193.2) in the AGA group
(p<0.01). Birth length in the two groups was also signifi-
cantly different, with a mean of 48.2 cm (SD 1.7) in SGA
and 51.4 cm (SD 1.3) in AGA (p<0.01). The mean pon-
deral index was 2.5 (SD 0.3) for those born SGA, and
2.8 (SD 0.2) in the AGA group (p<0.01).

Table 1 Characteristics of study population

Participant characteristics SGA (n=157) AGA (n=627) p Value

Age (years)

Mean (SD) 41.7 (4.91) 41.2 (4.87) 0.39

Median (IQR) 43.0 (9.00) 40.0 (9.00)

Gender (%) 49.7 M, 50.3 F 45.0 M, 55.0 F 0.29

Birth characteristics

Birth weight (g)

Mean (SD) 2815.7 (220.9) 3844.0 (193.2) <0.01

Median (IQR) 2860.0 (223.0) 3825.0 (280.0)

Birth length (cm)

Mean (SD) 48.2 (1.7) 51.4 (1.3) <0.01

Median (IQR) 48.0 (2.0) 51.0 (2.0)

Ponderal Index

Mean (SD) 2.5 (0.3) 2.8 (0.2) <0.01

Median (IQR) 2.5 (0.3) 2.8 (0.3)

Current characteristics

Current height (cm)

Mean (SD) 169.2 (8.5) 173.8 (9.7) 0.01

Median (IQR) 169.0 (14.0) 173.0 (15.0)

Current weight (kg)

Mean (SD) 76.5 (16.0) 80.9 (18.2) 0.48

Median (IQR) 74.0 (22.0) 79.0 (23.0)

Current BMI

Mean (SD) 26.6 (4.7) 26.7 (5.2) 0.49

Median (IQR) 26.2 (6.4) 25.8 (6.0)

Current BSA

Mean (SD) 1.9 (0.2) 2.0 (0.2) 0.50

Median (IQR) 1.9 (0.3) 1.9 (0.3)

Current systolic BP (mm Hg)

Mean (SD) 119.1 (14.0) 118.1 (14.1) 0.05

Median (IQR) 117.3 (19.3) 116.5 (17.3)

Current diastolic BP (mm Hg)

Mean (SD) 74.8 (10.3) 74.5 (10.3) 0.07

Median (IQR) 73.7 (14.0) 73.3 (13.3)

Current exercise levels

Exercise at least once/week (%) 83.9 84.7 0.80

Data presented as means (SD) and medians (IQR).
AGA, appropriate weight for gestational age; BMI, body mass index; BP, blood pressure; BSA, body surface area; F, female; M, male; SGA,
small for gestational age.
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In adult life, there was no significant difference in
mean weight between SGA (76.5 kg, SD 16.0) and AGA
(80.9 kg, SD 18.2); the SGA cohort was, however, noted
to be significantly shorter in stature (169.2 cm SGA, SD
8.5 compared to 173.8 cm AGA, SD 9.7; p=0.01). There
was a 1 mm Hg difference in mean systolic blood pres-
sure between the two cohorts (119.1 mm Hg systolic
SGA, SD 14.0 compared to 118.1 mm Hg systolic AGA,
SD 14.1; p=0.05); however, there was no statistically sig-
nificant difference in body mass index or BSA. Current
exercise levels were similar between the two cohorts with
83.9% born SGA and 84.7% born AGA engaging in
physical activity at least once per week (p=0.80; table 1).

Transthoracic echocardiogram
Geometry
Left ventricular end-systolic (LVESD) and LVEDD were
subtly but significantly greater in the SGA individuals
than the AGA group (LVESD 18.7 mm/m2 SGA vs
18.1 mm/m2, p<0.01; LVEDD 27.5 mm/m2 SGA vs
26.6 mm/m2, p<0.01). This increase in dimensions rela-
tive to body size in those born SGA was also seen in the
indexed four-chamber LV base-to-apex length and basal
diameters. There was a non-significant increase in
indexed LVED volumes in the SGA group (62.4 mL/m2

SGA vs 60.5 mL/m2, p=0.06). In females, the OR for
having abnormally increased LVEDD (>32 mm/m2) was
3.1 (95% CI 1.2 to 7.9, p=0.02) in those born SGA rela-
tive to AGA adults. (tables 2 and 3)

After indexing for BSA, indexed RV longitudinal
base-to-apex length was significantly greater for the SGA
versus AGA adults (40.1 mm/m2 SGA vs 39.2 mm/m2

AGA, p=0.02), with no difference noted in the indexed
basal diameter or volumes. Despite the differences in
indexed dimensions between the two groups, there was
no difference in LV or RV sphericity index (tables 2
and 3; figure 2).
Absolute left atrial areas (LAA) ad right atrial areas

(RAA) and volumes, not indexed to BSA, were smaller
in the SGA individuals as compared to the AGA cohort;
however these values were not significantly different
when indexed to BSA (tables 2 and 3).
A sensitivity analysis was performed where echocardi-

ography parameters were indexed to height rather than
BSA, given the significant difference in current height
between the two cohorts. Indexed LAA was similar
between both groups (9.3 cm2/m SGA vs 9.5 cm2/m
AGA, p=0.25), while RAA was smaller in the SGA group
(9.7 cm2/m SGA vs 10.1 cm2/m AGA, p=0.02). LVEDD
remained larger in the SGA cohort (30 mm/m SGA vs
29 mm/m AGA, p=0.01). LVESD and base-to-apex
length, while slightly larger in those born SGA, were no
longer statistically significant when indexed for height
(LVEDD: 21 mm/m SGA vs 20 mm/m AGA, p=0.10.
Base to apex: 52 mm/m SGA vs 51 mm/m AGA,
p=0.06). LV basal diameter, RV base-to-apex length and
RV basal diameter were not significantly different
between the two groups when indexed to height. Stroke

Table 2 Cardiac volumes and dimensions (non-indexed)

Cardiac morphometry SGA (95% CI) AGA (95% CI) p Value

Left atrium

Left atrial area (cm2) 15.8 (15.1 to 16.4) 16.6 (16.1 to 17.0) 0.01

Left atrial volume (mL) 41.1 (38.5 to 43.8) 44.4 (42.6 to 46.2) 0.01

Left ventricle

Sphericity Index 1.8 (1.8 to 1.8) 1.8 (1.8 to 1.8) 0.94

End-diastolic diameter (mm) 50.5 (49.6 to 51.4) 50.8 (50.2 to 51.4) 0.51

End-systolic diameter (mm) 34.6 (33.8 to 35.4) 34.9 (34.4 to 35.5) 0.40

Base-to-apex length (mm) 88.2 (86.9 to 89.5) 89.4 (88.5 to 90.3) 0.06

Basal diameter (mm) 49.3 (48.5 to 50.1) 50.0 (49.5 to 50.6) 0.07

Interventricular septum (mm) 6.9 (6.7 to 7.0) 7.0 (6.9 to 7.1) 0.07

Posterior wall (mm) 7.0 (6.8 to 7.1) 7.2 (7.1 to 7.3) 0.02

End-diastolic volume (mL) 115.0 (110.8 to 119.2) 116.3 (113.5 to 119.2) 0.52

End-systolic volume (mL) 44.6 (42.6 to 46.8) 45.4 (44.0 to 46.9) 0.42

Mass (g) 129.7 (124.1 to 135.2) 134.7 (130.9 to 138.4) 0.06

Right atrium

Right atrial area (cm2) 16.0 (15.4 to 16.6) 17.1 (16.7 to 17.5) <0.01

Right atrial volume (mL) 25.3 (23.5 to 27.1) 26.5 (25.3 to 27.8) 0.16

Right ventricle

Sphericity Index 2.2 (2.1 to 2.2) 2.2 (2.2 to 2.2) 0.61

Base-to-apex length (mm) 74.6 (73.2 to 76.1) 76.1 (75.1 to 77.1) 0.05

Basal diameter (mm) 34.5 (33.6 to 35.4) 35.4 (34.7 to 36.0) 0.04

End-diastolic volume (mL) 42.7 (40.0 to 45.6) 46.0 (44.0 to 48.1) 0.02

End-systolic volume (mL) 17.5 (16.4 to 18.8) 18.7 (17.9 to 19.6) 0.05

All data shown as means (95% CI) and adjusted for age, sex, blood pressure, physical activity levels and socioeconomic status.
AGA, appropriate birth weight for gestational age; SGA, small for gestational age. LV volumes calculated using Z-derived method; RV
volumes using Simpson Single-Plane 4 chamber; LV mass using short-axis area-length method.
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volume indexed to height was smaller in the SGA group,
but this was not statistically significant (44 mL/m SGA vs
45 mL AGA, p=0.14).

Ventricular systolic and diastolic function
LV stroke volume was lower in those born SGA (74.5 mL
SGA vs 78.8 mL AGA, p<0.01);however, this was not stat-
istically significant when indexed to BSA (p=0.51) or
height (p=0.14). There was some evidence for slightly
lower cardiac output in the SGA group (5 L/min SGA vs
5.2 L/min AGA, p=0.06). Mean heart rate did not differ
between the two groups (63.4 bpm SGA vs 62.9 bpm
AGA, p=0.51), and there was no significant difference in

LV ejection fraction, LV fractional area change or RV
fractional area change (table 4).
LV diastolic function was assessed using mitral valve

(MV) E and A wave velocities, MV E prime velocities,
MV deceleration time and E to E prime ratio. No signifi-
cant difference was noted between the two groups in
any of these parameters (table 4).

DISCUSSION
This study indicates that some of the changes in cardiac
geometry and function previously described in children
and adolescents born SGA are present in adults. When

Table 3 TTE indices adjusted for BSA

TTE characteristic indexed to BSA SGA (95% CI) AGA (95% CI) p Value

LAA (cm2/m2) 8.2 (7.9 to 8.6) 8.3 (8.1 to 8.5) 0.79

LA volume (mL/m2) 22.3 (20.9 to 23.7) 23.0 (22.1 to 24.0) 0.29

RAA (cm2/m2) 8.6 (8.3 to 8.9) 8.8 (8.6 to 9.0) 0.22

RA volume (mL/m2) 14.5 (13.5 to 15.6) 14.7 (14.0 to 15.4) 0.75

LV end-diastolic diameter (mm/m2) 27.5 (26.9 to 28.0) 26.6 (26.3 to 27.0) <0.01

LV end-systolic diameter (mm/m2) 18.7 (18.2 to 19.1) 18.1 (17.8 to 18.4) <0.01

LV base-to-apex length (mm/m2) 47.4 (46.5 to 48.2) 46.0 (45.5 to 46.6) <0.01

LV basal diameter (mm/m2) 26.4 (25.9 to 26.9) 25.7 (25.3 to 26.0) <0.01

LV end-systolic volume (mL/m2) 24.1 (23.1 to 25.2) 23.6 (22.9 to 24.2) 0.31

LV end-diastolic volume (mL/m2) 62.4 (60.3 to 64.5) 60.5 (59.1 to 61.9) 0.06

LV mass (g/m2) 68.7 (66.2 to 71.3) 68.5 (66.8 to 70.3) 0.86

LV stroke volume (mL/m2) 39.5 (38.1 to 41.0) 40.0 (39.0 to 41.0) 0.51

RV base-to-apex (mm/m2) 40.1 (39.3 to 41.0) 39.2 (38.7 to 39.8) 0.02

RV basal diameter (mm/m2) 18.6 (18.1 to 19.1) 18.3 (18.0 to 18.7) 0.25

RV end-systolic volume (mL/m2) 9.9 (9.3 to 10.6) 10.2 (9.7 to 10.7) 0.44

RV end-diastolic volume (mL/m2) 24.4 (22.8 to 26.1) 25.1 (23.9 to 26.2) 0.44

All data shown as means (95% CI) and adjusted for age, sex, blood pressure, physical activity levels and socioeconomic status.
AGA, appropriate birth weight for gestational age; BSA, body surface area; LA, left atrial; LAA, LA area; LV, left ventricular; RA, right atrial;
RAA, RA area; RV, right ventricular; SGA, small for gestational age; TTE, transthoracic echocardiograms.

Figure 2 Dimensions indexed to

body surface area (AGA,

appropriate birth weight for

gestational age; SGA, small for

gestational age; LVED, left

ventricular end-diastolic; LVES,

left ventricular end-systolic; RV,

right ventricular). All data shown

as means (95% CI) and adjusted

for age, sex, blood pressure,

physical activity levels and

socioeconomic status.
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indexed to BSA, those in the SGA cohort consistently
exhibited slightly greater LV systolic and diastolic dimen-
sions and RV base-to-apex length. This indicates that
SGA adults have slightly larger hearts relative to their
BSA, as compared with adults born AGA. Indeed, in
females born SGA, their OR for having a dilated
indexed LVED dimension was 3.1 (95% CI 1.2 to 7.9).
Our data were indexed to BSA as there is extensive evi-
dence that cardiac dimensions are dependent on age,
sex and BSA.13 15 16 A sensitivity analysis indexing to
height rather than BSA also demonstrated subtly
increased LV dimension in those born SGA; however,
several parameters did not reach statistical significance.
Furthermore, SGA participants had a trend towards

lower LV stroke volumes (74.5 mL vs 78.8 mL, p<0.01;
indexed 39.5 mL/m2 SGA vs 40 mL/m2 AGA, p=0.51) as
compared to their average birth size contemporaries.
This reduction in stroke volume has been noted in
childhood, but this is the first time there is some evi-
dence that it may persist, albeit to a smaller extent, into
adulthood.7 It is accompanied by no significant change
in heart rate, but a trend towards reduced overall
cardiac output (5 L/min SGA vs 5.2 L/min AGA,
p=0.06). Importantly, while significant differences in
both cardiac geometry and systolic function were noted
in this study between those born SGA and those born
AGA, all mean values were still within normal adult
ranges.13

While these changes were statistically significant, they
are unlikely to be clinically relevant, given their very
small magnitude. This is particularly true when we note
that there are considerably less marked differences than
were seen in childhood (approximately 2% vs 10%
mean differences).7 The lesser differences in cardiac
parameters in adulthood between the SGA and AGA
groups, compared with the differences seen in child-
hood, might suggest progressive adaptation over time.

Interestingly, those born SGA demonstrated a systolic
blood pressure 1 mm Hg greater than those born AGA
(119.1 mm Hg vs 118.1 mm Hg, p=0.05). Whilst this
result was statistically significant, we are not able to
quantify the clinical relevance or implications of this dif-
ference due to our small sample size.
Unfortunately, this study was not sufficiently powered

to determine if there was a subgroup of severe SGA in
whom there were more marked changes in cardiac struc-
ture and function. An analysis of IQR for all echocardio-
graphic parameters, however, did not demonstrate
significantly larger IQRs in the SGA group than was
seen in the AGA group (see online supplementary
tables S1–S3).
The association between low birth weight and

increased risk of cardiovascular disease in adulthood has
been well established over decades. Barker et al2

reviewed birth weights from men born during 1911–
1930 and documented that those with the lowest weights
at birth and 1 year had the highest death rates from
ischaemic heart disease. Despite knowledge of this cor-
relation, the underlying pathological processes have
been more difficult to elucidate.17

There are numerous theories that have been identi-
fied as potential mechanisms for this association. ‘Small
baby syndrome’, where low birth weight/fetal malnutri-
tion is associated with endothelial dysfunction and subse-
quent increased risk of premature hypertension, stroke
and coronary artery disease, is supported by numerous
international studies, including the Cardiovascular Risk in
Young Finns Study, based on carotid intima-media thick-
ness, brachial flow-mediated dilation and cardiovascular
risk factors.3 5 6 17 18

Our study sought to probe one of the other main the-
ories that have been hypothesised to be mechanistic in
this process, that growth restriction in utero might be
associated with persistent significant changes in cardiac

Table 4 Ventricular systolic and diastolic function (non-indexed)

Cardiac function SGA (95% CI) AGA (95% CI) p Value

Systolic function

Heart rate (bpm) 63.4 (61.6 to 65.4) 62.9 (61.6 to 64.1) 0.51

MV S0 lateral (cm/s) 13.0 (12.3 to 13.7) 13.6 (13.2 to 14.0) 0.06

LV stroke volume (mL) 74.5 (71.5 to 77.6) 78.8 (76.7 to 80.9) <0.01

LV ejection fraction (Simpson’s) 57.6 (56.9 to 58.2) 58.0 (57.5 to 58.5) 0.18

Cardiac output (L/min) 5.0 (4.7 to 5.2) 5.2 (5.0 to 5.3) 0.06

LV fractional area change (%) 42.2 (41.6 to 42.8) 42.6 (42.1 to 43.0) 0.22

RV fractional area change (%) 42.8 (41.1 to 44.6) 43.7 (42.5 to 44.9) 0.30

Diastolic function

MV E wave (m/s) 0.8 (0.7 to 0.8) 0.7 (0.7 to 0.8) 0.09

MV A wave (m/s) 0.5 (0.5 to 0.5) 0.5 (0.5 to 0.5) 0.19

MV E0 medial (cm/s) 14.3 (13.9 to 14.7) 14.4 (14.2 to 14.7) 0.45

MV E0 lateral (cm/s) 17.7 (17.1 to 18.3) 17.6 (17.2 to 18.0) 0.69

MV E/E’ 4.3 (4.1 to 4.5) 4.2 (4.1 to 4.4) 0.41

MV deceleration time (s) 207.9 (200.7 to 215.3) 211.9 (206.6 to 217.0) 0.28

All data shown as means (95% CI) and adjusted for age, sex, blood pressure, physical activity levels and socioeconomic status.
AGA, appropriate birth weight for gestational age; MV, mitral valve; LV, left ventricular; RV, right ventricular; SGA, small for gestational age.

6 Arnott C, Skilton MR, Ruohonen S, et al. Open Heart 2015;2:e000265. doi:10.1136/openhrt-2015-000265
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structure into adult life.7 Indeed, there is good evidence
that intrauterine growth restriction and hypoxia results
in a dilated cardiomyopathic process in utero in the
developing fetus, both in humans and in animal
models.8 19 There are also haemodynamic data in the
newborn period that SGA babies have relative cardiac
hypertrophy and elevated brain natriuretic peptide
levels, possibly indicative of increased cardiac workload
and ventricular dysfunction.20 Population studies have
also indicated that birth weight independently correlates
with LV mass in adolescence.9 Our data, however, indi-
cated that, in proportion to body size, the left (and pos-
sibly right) ventricle was very subtly dilated in adults who
were born SGA, as distinct from previous studies in
childhood that showed a more globular heart with
increased transverse diameters and reduced longitudinal
lengths.7 This is supported by the lack of difference in
the sphericity index, a marker of a globular heart,
between the SGA and AGA groups in our study. A pro-
posed mechanism for this change in cardiac structure is
altered loading conditions in utero. Increased placental
vascular resistance leads to hypoxia and undernutrition,
with a subsequent increase in afterload, decrease in
arterial compliance, and resultant increased wall stress.7

Supporting this, fetal growth restriction has been proven
to be associated with higher placental resistance indices
in vivo.19 21 These maladaptive changes may lead to a
more inefficient heart in childhood, with reduced stroke
volumes and resultant reliance on relative sinus tachycar-
dia in order to maintain cardiac output. These changes,
however, attenuate over time. We demonstrated that by
adulthood there was only an approximate 5% decrease
in LV stroke volume (compared to approximately 20%
in childhood),7 with no significant change in the heart
rate, cardiac output or LV diastolic function.
In our study, we defined AGA as the 50th–90th centile

of birth weight. A sensitivity analysis comparing SGA
babies with AGA babies, where that was defined as
10th–90th centile birth weight, resulted in no statistically
significant changes in the results obtained. Further, we
performed another sensitivity analysis where echocardio-
graphic measures were indexed to current height (sig-
nificantly different between the 2 cohorts) rather than
BSA. This demonstrated slightly greater LV dimensions
in the SGA group (although only LVEDD reached statis-
tical significance), but no difference in RV dimensions.
The strengths of this study include the large sample

size, comprehensive information on birth weight and
birth length, and the extensive available information on
potential confounding factors such as socioeconomic
status and physical activity levels. The standardised
method used for obtaining transthoracic data is also
noteworthy, reducing potential variations in results
depending on individual sonographer techniques.
Our study also has limitations. As distinct from previ-

ous studies,7 we did not use prenatal Doppler to classify
SGA into severe and mild. Thus, it is possible that a

milder SGA cohort could be partially responsible for the
attenuation in cardiac structural and functional changes
that we had noted in adulthood, as compared to other
studies performed in childhood such as that by Crispi
et al7 Furthermore, cardiac MRI may be a more sensitive
way to measure ventricular volumes and mass than trans-
thoracic echocardiography.22 Lewandowski et al have
shown (using cardiac MRI) that individuals born
preterm exhibit unique LV geometry and function in
adulthood, specifically increased LV and RV mass,
smaller LV and RV volumes, and reduced LV and RV sys-
tolic and diastolic function. They have not, however,
been able to determine if there are any structural and
functional changes in those born at term but SGA, due
to the study size and power.23 24

CONCLUSION
This study indicates that adults born SGA have some stat-
istically significant but subtle changes in cardiac struc-
ture and function, although these are less marked than
have been described in childhood. These structural and
functional changes are unlikely to be clinically signifi-
cant or contribute to the pathogenesis of the increased
cardiovascular risk profile seen in individuals born SGA.
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Supplementary Table 1: Cardiac Volumes and Dimensions (Non-Indexed) 

Cardiac Morphometry 
 

SGA 

(IQR) 

AGA 

(IQR) 

LEFT ATRIUM 

Left atrial area (cm
2
) 

Left atrial volume (mL) 

 

 

15.5 (13.6-17.5) 

40.0 (32.0-50.0) 

 

 

16.2 (14.0-19.1) 

43.0 (35.0-55.0) 

 

LEFT VENTRICLE 

Sphericity Index 

End-diastolic diameter (mm) 

End-systolic diameter (mm) 

Base to apex length (mm) 

Basal diameter (mm) 

Interventricular septum (mm) 

Posterior wall (mm) 

End-diastolic volume (mL) 

End-systolic volume (mL) 

Mass (g) 

 

 

1.8 (1.7-1.9) 

50.9 (47.9-54.5) 

35.5 (32.2-37.7) 

87.9 (82.7-91.9) 

48.6 (46.0-53.1) 

6.8 (6.1-7.7) 

7.0 (6.3-7.5) 

116.0 (103.0-134.0) 

47.0 (38.8- 53.0) 

124.5 (109.3-146.8) 

 

1.8 (1.7-1.9) 

50.7 (47.4-54.9) 

35.0 (32.2-38.3) 

88.4 (83.3-94.1) 

49.5 (46.0-53.1) 

7.0 (6.3-7.8) 

7.0 (6.4-7.8) 

116.0 (101.0-135.5) 

45.0 (39.0-55.0) 

128.0 (110.0-153.0) 

RIGHT ATRIUM 

Right atrial area (cm
2
) 

Right atrial volume (mL) 

 

 

15.9 (14.0-18.3) 

26.0 (19.0-33.0) 

 

 

17.2 (14.8-19.7) 

26.0 (19.0-36.0) 

 

RIGHT VENTRICLE 

Sphericity Index 

Base to apex length (mm) 

Basal diameter (mm) 

End-diastolic volume (mL) 

End-systolic volume (mL) 

 

2.1 (2.0-2.4) 

74.3 (69.0-80.0) 

34.2 (31.3-37.5) 

41.0 (32.3-51.0) 

18.0 (14.0-22.0) 

 

2.1 (2.0-2.4) 

75.2 (69.9-81.3) 

34.8 (31.6-38.6) 

43.0 (33.0-57.0) 

17.0 (14.0-24.0) 

 
AGA indicates appropriate birth weight for gestational age; SGA, small for 

gestational age. LV volumes calculated using Z derived method; RV volumes using 

Simpson Single-Plane 4 chamber; LV mass using short axis area-length method. All 

data shown as medians with interquartile ranges (IQR).  

 

 

  



Supplementary Table 2: Transthoracic Echocardiographic Indices Adjusted for 

Body Surface Area 

TTE Characteristic Indexed to BSA SGA 

(IQR) 

AGA 

(IQR) 

LAA (cm
2
/m

2
) 8.3 (7.3-9.6) 8.5 (7.4-9.6) 

LA volume (mL/m
2
) 

 

21.7 (17.7-27.0) 22.8 (18.2-27.4) 

RAA (cm
2
/m

2
) 8.7 (7.8-9.8) 8.9 (7.9-10.0) 

RA volume (mL/m
2
) 

 

13.7 (10.8-17.7) 13.7 (10.5-17.7) 

LV End-diastolic diameter (mm/m
2
) 28.0 (26.0-29.9) 26.8 (25.2-28.8) 

LV End-systolic diameter (mm/m
2
) 19.3 (17.1-20.7) 18.4 (16.8-19.9) 

LV base to apex length (mm/m
2
) 46.8 (44.5-50.4) 45.9 (43.2-48.7) 

LV basal diameter (mm/m
2
) 26.7 (24.7-29.0) 25.6 (24.0-27.4) 

LV End-systolic volume (mL/m
2
) 24.8 (20.9-28.5) 24.0 (20.7-27.7) 

LV End-diastolic volume (mL/m
2
) 

LV mass (g/m
2
) 

 

63.7 (57.5-69.8) 

67.7 (61.4-76.5) 

60.6 (54.0-68.7) 

67.0 (59.3-76.0) 

LV Stroke volume (mL/m
2
) 

 

40.1 (34.1-44.8) 39.1 (34.1-45.0) 

RV Base to apex (mm/m
2
) 39.8 (37.0-43.1) 39.1 (36.6-41.9) 

RV Basal diameter (mm/m
2
) 18.6 (16.8-20.6) 18.2 (16.5-20.0) 

RV End-systolic volume (mL/m
2
) 9.7 (8.0-12.0) 9.0 (7.4-11.8) 

RV End-diastolic volume (mL/m
2
) 

 

22.2 (18.5-27.9) 22.7 (18.1-28.2) 

AGA indicates appropriate birth weight for gestational age; SGA, small for 

gestational age; BSA, Body Surface Area. All data shown as medians with 

interquartile ranges (IQR). 

 

 

  



Supplementary Table 3: Ventricular Systolic and Diastolic Function (Non-

Indexed) 

Cardiac Function SGA 

(IQR) 

AGA 

(IQR) 

SYSTOLIC FUNCTION 

Heart Rate (bpm) 

MV S’ lateral (cm/sec) 

LV Stroke volume (mL) 

LV Ejection Fraction (Simpson’s) 

Cardiac Output (L/min) 

LV Fractional Area Change (%) 

RV Fractional Area Change (%) 

 

 

62.5 (55.0-70.0) 

13.0 (11.0-15.6) 

74.0 (62.0-85.8) 

57.9 (55.5-59.4) 

4.6 (4.0-5.6) 

42.0 (41.0-44.0) 

42.4 (37.4-46.9) 

 

62.0 (55.0-67.0) 

13.4 (11.5-16.0) 

76.0 (63.0-90.0) 

58.2 (56.1-60.5) 

4.8 (4.0-5.7) 

43.0 (41.0-45.0) 

44.2 (38.3-49.1) 

DIASTOLIC FUNCTION 

MV E wave (m/sec) 

MV A wave (m/sec) 

MV E’ medial (cm/sec) 

MV E’ lateral (cm/sec) 

MV E/E’ 

MV deceleration time (sec) 

 

 

0.8 (0.7-0.9) 

0.5 (0.4-0.6) 

14.1 (12.4-15.9) 

18.3 (15.8-20.1) 

4.3 (3.6-4.9) 

210.5 (187.0-236.5) 

 

0.8 (0.7-0.9) 

0.5 (0.4-0.6) 

14.5 (12.7-16.1) 

18.1 (15.7-20.3) 

4.2 (3.6-4.9) 

218.0 (190.5-240.0) 

AGA indicates appropriate birth weight for gestational age; SGA, small for 

gestational age; MV, mitral valve. All data shown as medians with interquartile 

ranges (IQR). 
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