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Abstract

Aims/hypothesis Smallness for gestational age (SGA) is
associated with increased risk of developing components of
the metabolic syndrome. Although SGA can imply intrauter-
ine growth restriction (IUGR), more information is required
to link specific fetal growth patterns to adult outcomes.
Methods We examined the impact of fetal growth velocity
during the third trimester (FGV) vs birthweight for
gestational age on early markers of the metabolic syndrome
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in 123 healthy men and women (mean age 17.5 years) born
at term. FGV was determined by ultrasound measurements.
Results After correction for confounders including current
BMI, SGA was significantly associated with raised basal
plasma insulin (+19% above appropriate for gestational
age), homeostasis model assessment of insulin resistance
(+21%), cholesterol:HDL-cholesterol ratio (+13%) and
systolic BP (+4.8%) (all p<0.05). Furthermore SGA was
associated with increased fat mass (+9.6%) and trunk-fat
per cent (+6.8%) and with reduced lean body mass as
determined by dual-energy X-ray absorptiometry scans
(—4.1% below appropriate for gestational age) (all p<0.05).
In contrast, [IUGR in the third trimester was associated only
with an elevated cholesterol:HDL-cholesterol ratio (+11%
above not-IUGR).

Conclusions/interpretation In the present study, FGV did
not explain the impact of birthweight upon the metabolic
phenotype in adolescence. This suggests that fetal growth
prior to the third trimester or postnatal catch-up growth
plays a more important role.

Keywords Adiposity - Adolescence - Blood pressure -
Body composition - Cholesterol - Fetal growth retardation -
Fetal weight - Infant - Insulin resistance - Low birthweight

Abbreviations

AGA appropriate for gestational age

BW birthweight

DI disposition index

DXA dual X-ray absorptiometry

FGV fetal growth velocity in the third trimester
FPIR first-phase insulin response

HOMA-IR  homeostasis model assessment of insulin

resistance
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IUGR intrauterine growth restriction
K, glucose disappearance rate

SDS standard deviation score
SGA small for gestational age
SI insulin sensitivity
Introduction

Studies have indicated that small size at birth is associated
with an increased risk of a range of age-related diseases
including type 2 diabetes, hypertension, dyslipidaemia and
abdominal obesity [1-6]. These metabolic disorders are all
related to insulin resistance and the metabolic syndrome,
and are associated with an excess cardiovascular mortality.
Small size at birth indicates some period(s) of slow fetal
growth, and thus poor intrauterine growth conditions have
been suggested to be the cause of the observed impact upon
later health. However, there also seems to be an interaction
between birthweight (BW) and weight gain during infancy
and childhood in determining later health [7—10]. Identifi-
cation of particularly critical periods of fetal life, as well as
of individuals at particular risk of later disease, could be
crucial for prevention. To acquire evidence for a direct
impact of intrauterine growth restriction (IUGR) during
specific critical periods, longitudinal data of fetal growth, or
data about the intrauterine environment, are required.
Previous human studies have explored the effects of
maternal nutritional challenges during specific periods of
gestation [11, 12]. The Dutch Famine Study found a link
between prenatal exposure to famine late in gestation and
decreased glucose tolerance later in life [13].

The present study applied a novel approach, trying to
pinpoint the critical period(s) of growth in utero. Our a
priori hypothesis was that fetal growth velocity in the third
trimester (FGV) would contribute significantly to the effect
of smallness for gestational age (SGA) upon early markers
of the metabolic syndrome. In order to test this hypothesis,
we studied adolescent offspring from a unique cohort of
mothers, who were previously recruited for ultrasound
monitoring of fetal growth during the third trimester based
on a priori knowledge of increased risk of delivering an
SGA baby.

Methods

Cohort study of fetal growth (1985-1987) and follow-up
(2003-2005)

In a cohort of healthy young men and women, data on
gestational age, FGV and BW for gestational age were
available from a previous trial of fetometry performed on
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the mothers in Copenhagen between 1985 and 1987 [14]. In
this previous trial, women were recruited if they had one or
more risk factors for ITUGR or signs of pregnancy
complication. One thousand pregnant women were eligible
for the trial (Fig. 1). Gestational age was determined by
ultrasound at 18 weeks of gestation. Fetal weight was
calculated [15] from standardised biometric ultrasound
examinations. The test—retest coefficient of variation was
6.5% and the difference (mean+SD) between estimated
fetal weight and actual BW was —2.2+8.7% [16]. Measure-
ments were performed regularly from week 28 of gestation
until delivery, and were transformed to standard deviation
scores (SDSs) using a sex-specific reference of fetal growth
[16]. One SD corresponds to 11.4%. FGV was determined
by linear regression in the 616 individuals with two or more
measurements (mean number 4.4) over a period of 42 days
or more (mean interval 68 days), and was expressed as
ASDS per 28 days. Mean FGV was —0.05 SDS per 28 days
(SD+0.38, range —1.40 to +1.14) [17]. The mean error of
estimate of the individual FGV in the 610 individuals with
three measurements or more was 0.24 SDS per 28 days.
The mothers were interviewed about smoking habits at 18
and at 28 weeks of gestation. Use of more than 15
cigarettes a day was considered, and was defined as heavy
smoking. BW SDS was calculated using the same growth
reference [16]. The correlation between FGV and BW SDS
was 0.35 (»p<0.0001) [17]. SGA was defined as BW SDS
below the 10th percentile (—1.28 SDS), conversely appro-
priate for gestational age (AGA) was a BW SDS above this
cut-off. [IUGR was defined as declining growth in the third
trimester using the cut-off of FGV below the 10th
percentile (—0.39 SDS per 28 days). Five hundred and
forty-seven offspring were traceable in 2003 (Fig. 1). All
individuals classified as SGA or I[UGR were invited to
participate in the present follow-up study. Among the
individuals classified as AGA/mnot-IUGR (n=381), 106
were randomly selected to participate. One hundred and
twenty-three individuals (52 male, 71 female) (mean age
17.5+0.72 years) out of 271 agreed to participate. The
participants and the group who declined to participate did
not differ in BW SDS (—0.63+1.21 vs —0.61+1.11 SDS)
(»=0.88) or FGV (-0.17+0.40 vs —0.19+£0.38 SDS per
28 days) (p=0.78). Risk factors for SGA were varied in
the studied group. Among these were: maternal heavy
smoking (at 18 weeks of pregnancy) (n=44), haemorrhage
(n=41), a small uterus, as measured by the distance from
the symphysis to the top of the fundus (n=28), previous
birth of an SGA child (n=14) and placental insufficiency
in a previous pregnancy (n=11). A reference group was
examined to assess the potential impact of the generally
elevated risk of SGA in our studied cohort. For this purpose,
85 young men and women without data on intrauterine
growth were invited to participate; 21 agreed (seven male, 14
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female). They were born by healthy women with no known
risk factors for delivering an SGA child, and had a BW SDS
between —0.67 SDS and + 0.67 SDS.

Level of physical activity [18], nutrition [19] and
smoking habits of the participants and their parents were
assessed by questionnaires handed out at follow-up.
Furthermore, the parents were asked about breastfeeding
(breastfeeding >3 months was considered in the present
analyses), employment, education and health [20]. Re-
sponse to the questionnaire was 84% (participants), 67%
(fathers) and 80% (mothers). There were no statistical
differences in the measured outcomes between the partic-
ipants who responded to the questionnaire and those who
did not.

Experimental protocol

The participants reported in the morning while fasting.
Basal blood samples were drawn. A simplified IVGTT [21]
was performed using a glucose bolus (20%) (300 mg/kg
bodyweight) infused over 1 min and subsequent blood
sampling. We measured: waist and hip circumference
(using soft tape at the umbilicus and at the widest part of
the gluteal region, respectively), skinfold thickness (at
biceps, triceps and sub-scapularis using a Harpenden
skinfold calliper), height to the nearest 0.1 cm (using a
calibrated wall-mounted stadiometer; Force Institute,
Broendby, Denmark) and weight (kg) (using a digital

1,000
High-risk pregnancies

weight scale with a precision of 0.01 kg; Lindeltronic
8000; Copenhagen, Denmark). Fat mass and lean mass
were assessed for the whole body as well as for regions of
the body using dual x-ray absorptiometry (DXA) measure-
ments performed as whole-body scans (QDR-1000/W [S/N
1108 P] whole-body version 5.61; Hologic, Waltham, MA,
USA). Resting BP was measured in a sitting position three
consecutive times (digital electronic Omron 705IT blood
pressure monitor; Kirudan, Broendby, Denmark).

Female participants who did not use oral contraceptives
(n=29) were examined at day 2—5 of their menstrual period.
In order to standardise the conditions under which the
glucose tolerance test was performed, the participants were
instructed to consume a high-carbohydrate diet for 3 days,
and to abstain from highly intensive exercise for 24 h prior
to the date of examination.

The study was performed according to the Helsinki II
declaration and was approved by the local ethics committee
(KF 01-229/02 and KF 01-065/03). Informed consent was
obtained from all participants and from the parents when
the participant was under 18 years of age.

Biochemical assays
Plasma insulin blood samples were centrifuged immediate-
ly at 4°C and stored at —20°C until plasma insulin

concentrations were determined by the AutoDELPHIA
Time-resolved Fluoroimmunoassay (Perkin Elmer-Wallac

l 406

594
Children born at term
(2259 days)
with calculated
intrauterine growth velocity

GA <259 days or
insufficient data to calculate
intrauterine growth velocity

1985-1987

547
Traceable
(273 M/274 F)

381 66 66 34
AGA AGA SGA SGA
not IUGR| +IUGR |not IUGR[ +IUGR

47

Not traceable 2003-2005

271
Invited
(126 M/141 F)

106 65 66 34
AGA AGA SGA SGA
not IUGR| +IUGR |not IUGR[ +IUGR

276
Not invited

148

123
Examined
(52 M/71 F)

49 27 30 17
AGA AGA SGA SGA
not IUGR| +IUGR |not IUGR[ +IUGR

Fig. 1 Study profile. GA, gestational age

Declined to participate

@ Springer



1486

Diabetologia (2008) 51:1483-1492

Oy, Turku, Finland) (total interassay CV <6%). Plasma glucose
was measured using the Hexinase/G6P-DH-Determination
(Hitachi 912 System; Roche Diagnostics, Hvidovre, Den-
mark) (intra-assay precision: SD=0.09 mmol/l; interassay
precision: SD=0.15 mmol/l). HbA;. was determined using
HPLC (G7; TOSOH, Tokyo, Japan) (CV<5%), and plasma
triacylglycerol and cholesterol (total, HDL-cholesterol and
LDL-cholesterol) were measured using an enzymatic ab-
sorption photometric method (Roche Modular Analytics
[SWA] P-module; Roche Diagnostics) (CV<5%).

Calculations

According to the methods described by Galvin et al. [21] and
using the trapezoidal rule we calculated: first-phase insulin
response (FPIR) (A insulin area above basaly_jomin/A
glucose peak above basaly_1omin), glucose disappearance rate
(Kg) (-2.303 x slope of log glucose concentration;y—4omin)
and insulin sensitivity (SI) (K /A insulin area above
basaly_4omin). Disposition index (DI) representing insulin
secretion corrected for the ambient degree of insulin
resistance was calculated (SIXA insulin areag—jgmin). We
calculated mean basal glucose (mean of three basal
samples), mean basal insulin (mean of three basal samples)
and homeostasis model assessment of insulin resistance
(HOMA-IR) [22]. Fat per cent SDS was calculated using
a national sex-specific chart of fat per cent [23]. Trunk-fat
per cent was calculated as trunk-fat mass as a percentage of
total fat mass.

Statistical analyses

In a pre-study power calculation the expected effect size of
0.67 SD (glucose tolerance) corresponded to a required
number of participants of 35 with a power of 80%.

All effects of BW SDS, FGV, SGA and IUGR were
analysed by multiple regression analyses correcting for sex.
Effects of BW SDS and FGV were analysed in common as
well as separate analyses. The strategic sampling of all
individuals classified as IUGR or SGA and only 106 of the
381 individuals classified as AGA/not-IUGR, entailed a
sampling distribution of FGV and BW SDS that was
skewed towards lower values. This does not influence the
estimated effects of FGV and BW SDS when both of these
variables are included in common analyses. But when
assessing the effects of FGV and BW SDS separately, we
countered this bias by weighting the under-represented
group of AGA/not-IUGR by 3.59 (381/106). Furthermore,
we calculated the SE of parameters using parametric
bootstrap and CIs were calculated from these estimates
under normality assumptions. Weighted data and boot-
strapped Cls were also applied when the study group was
compared with the reference group. The estimated effects
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derived from weighted regression analyses and 95% Cls
from bootstrapped data are considered be closer to the true
effect than effects from unweighted regressions. Unweight-
ed regression analyses generally showed the same tendency
and significance of effects for BW SDS as weighted
regression analyses.

Effects upon the following parameters were further
corrected: glucose—insulin parameters and lipid profile for
BMI, body composition for current weight, and BP for
BMI, height and age. Age was excluded from all other
analyses, because preliminary analyses showed that inclu-
sion did not alter the results. Additional multiple regression
analyses of FGV and BW SDS were performed with further
correction for each of the following variables in separate
analyses: maternal heavy smoking (at week 18 of gesta-
tion), fat per cent and trunk-fat per cent. AGA and SGA
were compared with regard to answers to the questionnaires
using Student’s 7 test for the continuous variables and x>
test for frequencies. Dependent variables that violated
model assumptions were log transformed, which in all
analyses gave acceptable model fits. All statistical analyses
were performed using the statistical package SPSS (version
14; SPSS, Chicago, IL, USA).

Results
Volunteer characteristics

Fetal, birth and follow-up characteristics of the study group
are summarised in Table 1 and Table 2. One male individual
was excluded from all analyses because of a known diagnosis
of type 1 diabetes. Polycystic ovary syndrome had previously
been diagnosed in one girl (classified as SGA and ITUGR);
she was included in the analyses (exclusion did not alter the
results).

Effect of risk factors on markers of the metabolic syndrome

The reference group had significantly lower WHR (B=-0.04;
95% CI —0.06 to —0.01), and several other measures of
adiposity indicated the same tendency. Non-significant trends
towards lower basal plasma glucose, higher SI and lower
HOMA-IR were also seen in the reference group compared
with the study group (data not shown). No other differences
were seen between the two groups.

Effects of BW SDS and fetal growth velocity on markers
of the metabolic syndrome

Glucose-insulin metabolism BW SDS was significantly and
inversely associated with basal insulin and with HOMA-IR
after correcting for BMI and sex (Table 3). BW SDS was
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Table 1 Fetal and birth characteristics according to SGA/AGA and IUGR/not-IUGR

SGA (n=47) AGA (n=175) IUGR (n=44) Not-IUGR (n=78)
Fetus
Fetal growth velocity (SDS per 28 days) —0.25+0.37 0.03+0.37 —0.58+0.17 0.10+£0.30
Birth
BW (g) 2,724+302 3,519+400 3,093+537 3,427+465
BW SDS —1.82+0.48 0.13+£0.87 —0.70+1.24 —0.14+1.07
Gestational age (days) 278+9.62 279+9.02 275+8.11 279+9.20
Birth length (cm) 48.5+2.19 51.7£1.96 49.9+2.49 51.4+2.24
Birth length SDS —0.99+0.69 0.31£0.72 —0.24+0.91 0.14+0.85
Values are weighted means + SD
Table 2 Volunteer characteristics during fetal life, at birth and at adolescence
Female Male
n n

Fetus

Fetal growth velocity (SDS per 28 days) 71 —0.18+0.42 51 —0.17£0.37
Birth

BW (g) 71 3,124+479 51 3,287+580

BW SDS 71 —0.60+1.23 51 —0.69+1.19
Gestational age (days) 71 277+8.28 51 279+10.2

Birth length (cm) 70 50.1+£2.44 51 50.8+2.69

Birth length SDS 70 —0.17+0.94 51 —0.24+0.95
Adolescence

Weight (kg) 71 62.8 (55.0-72.6) 51 66.5 (59.6-76.0)
Height (cm) 71 167.2 (161.5-170.2) 51 177.3 (172.9-182.5)
Glucose—insulin metabolism

Basal glucose (mmol/l) 64 4.70+0.34 50 5.11+0.32

K, (10* min™") 58 2.26 (1.67-2.87) 47 1.66 (1.26-2.27)
Basal insulin (pmol/l) 67 49.5 (41.0-62.5) 49 35.5(22.1-47.4)
HOMA-IR 64 1.77 (1.32-2.21) 49 1.34 (0.82-1.91)
SI (10° min™ [(pmol/) x min]™") 58 0.32 (0.23-0.45) 47 0.47 (0.30-0.62)
FPIR ([pmol x min] mmol™) 58 41.8 (28.5-61.9) 47 26.8 (17.7-37.7)
DI (10° min™") 58 848 (548-1,175) 47 673 (417-1242)
Lipid profile

Triacylglycerol (mmol/l) 64 0.99 (0.69-1.31) 47 0.69 (0.55-0.96)
Cholesterol (mmol/l) 67 4.10 (3.70-4.70) 51 3.50 (3.20-4.10)
LDL-cholesterol (mmol/l) 67 2.40 (2.00-3.00) 50 2.10 (1.68-2.50)
HDL-cholesterol (mmol/l) 68 1.40 (1.20-1.70) 51 1.30 (1.10-1.50)
Body composition

Fat per cent SDS 67 0.97+1.17 49 0.04+1.12

Lean body mass (kg) 67 42.4 (37.9-46.8) 49 53.7 (49.2-60.0)
Trunk fat (%) 67 36.6+4.90 49 32.1+5.38

Fat mass (kg) 67 16.0 (14.0-25.0) 49 8.23 (6.46-10.4)
WHR 71 0.78 (0.74-0.82) 51 0.81 (0.79-0.85)
Sum of skinfold thicknesses (mm) 67 37.8 (32.2-46.8) 50 21.5 (18.3-25.5)
BP

Systolic (mmHg) 71 118+9.73 51 126+10.1
Diastolic (mmHg) 71 71.6+7.89 51 68.8+7.58

Values are means£=SD or medians (interquartile range)
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Table 3 Effect of BW SDS and FGV upon metabolic and cardiovascular outcome in adolescence

BW SDS FGV

B 95% CI B 95% CI
Glucose—insulin metabolism®
Basal glucose (mmol/l) -0.02 —0.07 to 0.03 -0.09 —0.31 to 0.14
HbA . (%) —-0.03 —0.07 to 0.02 —0.08 —0.24 to 0.08
K, (10 min™) -0.04 -0.16 to 0.09 0.06 —0.27 to 0.46
Basal insulin (pmol/1) —2.84 —4.83 to —0.74* —4.82 —-10.3 to 1.65
HOMA-IR -0.12 —0.19 to —0.04* —0.24 —0.44 to 0.01
SI (10° min™ [(pmol/l) x min]™") 0.02 -0.01 to 0.06 0.05 -0.06 to 0.18
FPIR ([pmol x min] mmol™) -2.16 —5.66 to 1.82 1.28 —7.66 to 13.5
DI (10° min™) -10.8 -89.9 to 77.8 157 —81.7 to 481
Lipid profile®
Triacylglycerol (mmol/l) —-0.07 —0.14 to —0.001* —-0.15 —0.31 to 0.05
Cholesterol (mmol/1) -0.15 —0.29 to 0.001 -0.24 —0.61 to 0.18
LDL-cholesterol (mmol/l) -0.14 —0.26 to —0.02* -0.21 —0.55 to 0.19
HDL-cholesterol (mmol/l) 0.01 —0.04 to 0.07 0.06 —0.08 to 0.21
LDL-cholesterol:HDL-cholesterol —0.12 —0.21 to —0.02* —-0.24 —0.49 to 0.08
Total cholesterol:HDL-cholesterol -0.14 —0.22 to —0.05%* —0.28 —0.55 to 0.02
Body composition®
Lean body mass (kg) 0.83 0.36 to 1.31%* -0.36 —2.25 to 1.61
Fat mass (kg) —-0.40 —0.73 to —0.06* —-0.03 -1.32 to 1.40
Trunk fat (%) -1.29 —1.84 to —0.74* -0.47 —2.68 to 1.74
WHR —-0.01 —0.02 to 0.00 —0.02 —0.04 to 0.01
Sum of skinfold thicknesses (mm) -0.77 —1.98 to 0.50 1.69 —2.67 to 6.73
BP°
Systolic (mmHg) -1.20 —=3.11 to 0.70 —1.42 —5.77 t0 2.93
Diastolic (mmHg) -0.5 —2.27to 1.16 —-0.38 —4.15 to 3.38

Weighted regressions. B coefficients are the effects of BW SDS (units/SDS) and FGV (units/[SDS per 28 days]). BW SDS and FGV analysed

separately. 95% Cls were derived from bootstrapped data
 Corrected for BMI and sex

° Corrected for weight and sex

¢ Corrected for sex, BMI, age, height

*p<0.05

not associated with glucose tolerance, SI, insulin secretion
or DI as determined during IVGTT (Table 3). FGV was not
associated with metabolic characteristics in the basal or
glucose-stimulated states (Table 3) regardless of correction
for BMI or sex.

Lipid profile BW SDS was inversely associated with
plasma LDL-cholesterol and triacylglycerol concentrations,
as well as with the LDL-cholesterol:HDL-cholesterol and
total cholesterol:HDL-cholesterol ratios after correction for
BMI and sex (Table 3). FGV and the plasma lipid profile
were not associated (Table 3).

Body composition Both BW SDS and FGV were positively
associated with current bodyweight corrected for sex (B=
2.01, 95% CI 0.005-4.08 kg/SDS and B=9.16, 95% CI
2.70 -16.2 kg/[SDS per 28 days], respectively). While FGV
showed no association with the measured parameters of
body composition, BW SDS corrected for current weight was
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negatively associated with fat mass and trunk-fat per cent and
positively associated with lean body mass (Table 3).

Blood pressure BW SDS was not associated with diastolic
or systolic BP in the weighted regression analyses (Table 3).
But in a multiple regression analysis including FGV,
systolic but not diastolic BP was inversely associated with
BW SDS after correction for BMI, sex, height and age
(=1.60 mmHg/SDS; 95% CI —3.05 to —0.16 mmHg/SDS)
(»=0.030). FGV showed no significant association with
either diastolic or systolic BP (Table 3).

Multiple regression analyses Multiple regression analyses
including both BW SDS and FGV showed that the reported
associations between BW SDS and glucose—insulin metab-
olism, lipid profile (only near significant trends remained)
and body composition were independent of FGV, and
confirmed the lack of a significant effect of FGV (data not
shown).
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Correction for fat per cent, trunk-fat per cent and maternal
smoking When BMI was excluded from the multiple
regression analyses of BW SDS and FGV, all the effects
of BW SDS were attenuated (for HOMA-IR, p=0.088).
This was also true after correction for fat per cent (p=0.097
for HOMA-IR) or trunk-fat per cent (p=0.300 for HOMA-
IR). Correction for maternal smoking weakened the
associations of BW SDS with glucose—insulin metabolism
and lipid profile; these became nearly significant (p=0.053
for HOMA-IR), but the associations with body composition
and systolic BP remained. In this model, maternal heavy
smoking was positively associated with trunk-fat per cent in
the offspring (B=1.46; 95% CI 0.007-2.91%) (p=0.049),
but showed no significant associations with any of other
measured parameters in these analyses.

Effects of SGA and ITUGR on markers of the metabolic
syndrome

Compared with AGA, SGA corrected for confounders as
described above was significantly associated with higher
basal plasma insulin (B=19%; 95% CI 3.4-38) and
HOMA-IR (B=21%; 95% CI 3.1-42), higher total choles-
terol:HDL-cholesterol ratio (B=13%; 95% CI 3.4-23),
lower lean body mass (B=—4.1%; 95% CI —6.8 to —1.4),
higher trunk-fat per cent (B=6.8%; 95% CI 2.0-11.6) and
fat mass (B=9.6%; 95% CI 2.6-17), and higher systolic BP
(B=4.8%; 95% CI 2.1-7.6) (Fig. 2). Furthermore, non-
significant trends towards higher triacylglycerol, LDL-

cholesterol and total cholesterol were seen for SGA
(Fig. 2). IUGR was associated with higher total cholester-
ol:HDL-cholesterol ratio compared with not-IUGR (B=
11%; 95% CI 1.8-20). Other non-significant trends for lipid
profile (raised triacylglycerol, LDL-cholesterol and total
cholesterol) were seen for IUGR (Fig. 2).

Lifestyle and socioeconomic factors

There were no significant differences between the SGA and
AGA group with regard to physical activity, nutrition,
breastfeeding and smoking habits of the participants, or
employment, education, health, physical activity and
nutrition of the parents or the response rate to the
questionnaire.

Discussion

The novelty and uniqueness of the present study relates to
the fact that the adolescent study population, because of an
a priori increased risk of IUGR, were studied repeatedly
with ultrasound measurements of fetal size during the third
trimester. This is a potential critical prenatal phase of life,
when impaired organ growth and development may result
in increased risk of insulin resistance and the metabolic
syndrome. We found only little impact of FGV as measured
by ultrasound during the third trimester. We observed only
one significant effect of declining growth velocity in the
third trimester (IUGR), which was a raised total cholesterol:

a b
= Diastolic BP -
=] Systolic BP ]
—— Skinfolds —T
= Waist/hip e
——=* Trunk-fat per cent g
——% Fat mass e

] Lean body mass i
[———% Cholest./HDL [ ——
e LDL/HDL .

—— HDL I e
e — LDL I
. m— Cholest. [
e — TG [ —
— DI —
— FPIR —
—— SI =
C— * HOMA-IR —
/% Basal insulin —
i — K, ———
‘ ‘ — ‘ ‘ . Basal glucose : = ‘ ‘ ‘
-30 -10 10 30 50 -30 -10 10 30 50
Mean difference (%) Mean difference (%)

Fig. 2 a The effect of SGA expressed as per cent of AGA. b The
effect of ITUGR expressed as per cent of not-IUGR. The boxes
represent the mean difference and the error bars indicate the 95% CI
for mean difference as determined by weighted regression analyses.
Parameters of glucose—insulin metabolism and lipid profile corrected
for BMI and sex. Parameters of body composition corrected for

weight and sex. BP corrected for sex, BMI, age and height. Cls
derived from bootstrapped data. *p<0.05. Values determined from
basal blood samples: total cholesterol (Cholest.), HDL-cholesterol
(HDL); LDL-cholesterol (LDL), triacylglycerol (TG) and HOMA-IR.
Values determined from an IVGTT: DDI, FPIR, SI and K,. Skinfolds,
skinfold thicknesses
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HDL-cholesterol ratio. A similar observation was made by
Barker et al., who found raised total and LDL-cholesterol in
association with low abdominal circumference at birth [24].
A disproportionate effect of growth restriction during the
third trimester upon liver growth was proposed as the cause
of this association. In our study, however, FGV was not in
itself associated with the plasma lipid profile.

In contrast to the potential role of third trimester growth,
our results clearly confirm and expand our knowledge of
the impact of BW for gestational age. Thus, in our study of
an adolescent population, SGA was significantly associated
with early markers of virtually all of the key components in
the metabolic syndrome. In accord with previous studies
[5], we found indications of an association between SGA
and insulin resistance. This was determined by HOMA-IR,;
SI showed the same tendency, although this was not
significant. This could be due to a lower power of the
analysis, or could alternatively be explained by a tissue-
specific increased compensatory glucose uptake, for exam-
ple in adipose tissue, at higher insulin levels, as suggested
by Hermann et al. [25]. Besides early changes in glucose—
insulin metabolism and body composition, we found
significant arherogenic changes in the plasma lipid profile
and raised BP to be associated with SGA. SGA was not
accompanied by diabetogenic changes in insulin secretion,
glucose tolerance or DI as seen in other studies [5]. The
trend towards raised fasting glucose levels in our young ‘at
risk” individuals, in comparison to our reference group,
might progress to decreased glucose tolerance with increas-
ing age. The observed associations between SGA and lower
lean body mass, as well as with higher trunk-fat per cent
and fat mass, are in agreement with other studies as
reviewed [4, 6]. Interestingly, when we corrected for fat
per cent or trunk-fat per cent instead of BMI, the observed
associations between BW SDS and glucose—insulin metab-
olism, lipid profile and systolic BP were weakened. This
finding accentuates the role of (central) adiposity in
mediating the effect of low BW, and the necessity for
accurate measurements of body composition when explor-
ing these effects.

The number of recruited and eventually studied SGA
individuals came close to the number needed according to
the power calculation, supporting the validity of the results.
In particular, our a priori hypothesis that FGV was more
predictive than BW per se for metabolic outcome in
adolescence was rejected. The relationships identified in
the present study are in accord with previous reports of
effects of BW, some of which have shown significant
differences between groups of young individuals with
low BW compared with control groups of 20 or less
each [25-28].

Our comparison of the AGA and SGA group with regard
to breastfeeding and socioeconomic and lifestyle factors did
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not indicate that a difference in these factors was a
significant confounder. Maternal heavy smoking seemed
to account for a small part of the effect of BW SDS, and to
exert its effect through central adiposity, as indicated by the
positive association with trunk-fat per cent. Other studies
have reported associations of maternal smoking with
adiposity in offspring [29-32].

The finding that the effect of BW SDS upon glucose—
insulin metabolism, body composition and BP remained
significant in multiple regression analyses including FGV
supports the conclusion that it operates independently of
third trimester growth. The effect of BW SDS could not be
explained by third trimester growth as measured by
ultrasound. It is likely, however, that the error of measure-
ment upon fetal weight estimates and thus of FGV was high
enough to cause significant ‘regression dilution’, i.e. to
weaken the relationship with metabolic outcomes. Even
BW SDS is subject to measurement error from the
impression of estimation of gestational age, but this error
is likely to be relatively smaller. We did not attempt to
correct for these errors in the statistical analysis, since it is
unlikely that this could be done well or that this could turn
the statistically insignificant results statistically significant.
Nevertheless, the conclusions below must be read with
caution.

If the effect of SGA is explained by slow growth prior to
the third trimester, then the first and second trimesters or
perhaps postnatal catch-up growth are the critical windows.
In the present study fetal weight SDS at 28 weeks of
gestation was negatively associated with trunk-fat per cent
in adolescence, but was not associated with other param-
eters of the metabolic syndrome (data not shown). As
programming of central adiposity could be important for
the increased risk of poor metabolic and cardiovascular
outcomes in SGA individuals, this finding seems to support
an important role for growth prior to the third trimester.
However, the error of measurement upon a single fetal
weight estimate is also relatively high, therefore conclu-
sions based on a single fetal weight estimate should also be
drawn cautiously. To reveal the role of earlier periods of
growth, the use of longitudinal measurements of fetal size is
necessary. In the only (to our knowledge) other published
study using this approach, Blake et al. and Gurrin et al.
related BP in 6-year-olds to measurement of fetal growth
between 18 and 38 weeks of pregnancy, and found an
inverse association [33, 34]. We did not find a similar
trend regarding third trimester growth (measured from
week 28). Although the difference in age of the studied
individuals between the two studies may play a role, the
difference in results seems to emphasise the assumed
importance of fetal growth before the third trimester in
determining later BP. Finally, our suggestion regarding
early programming (before the third trimester) of the
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significant cardiovascular risk factors of elevated BP,
dyslipidaemia and abdominal obesity are consistent with
the reports of effects of maternal nutritional restriction in
the Dutch Famine Study [35]. However, further research is
needed to confirm our findings.

When BMI was excluded from the multiple regression
analyses, all the associations between BW SDS and
outcome according to metabolic syndrome were attenuated,
supporting a central role of obesity in the metabolic
syndrome and all of its additional components. Neverthe-
less, correction for current BMI may simultaneously alter
the nature of the exposure BW to BW relative to current
body size, which in turn, to some unknown extent, points
towards the possibility of catch-up growth from birth to
current body size as an equally likely explanation (as
opposed to growth prior to the third trimester) for the
observed associations between BW SDS and metabolic
syndrome after corrections for BMI.

The studied group of individuals, born by mothers with
an a priori defined increased risk of delivering a SGA child,
had a higher index of central obesity and a nearly sig-
nificant trend towards higher fasting glucose compared
with the low-risk reference group. Interestingly, this was
independent of BW and resembles the findings in young
low BW men from a normal-risk population as reported in
a previous study [26]. In isolation, this novel finding
implies a programming effect of a high-risk fetal environ-
ment per se independently of fetal growth, and thus in itself
supports the hypothesis of developmental origins of adult
disease.

Conclusions

We confirmed the association between SGA and a range of
markers of the metabolic syndrome covering insulin
resistance, hypertension, dyslipidaemia and abdominal
obesity in a young Europid cohort. However, fetal growth
velocity during the third trimester, as measured by repeated
ultrasound fetometry, did not explain the effect of BW for
gestational age. First and second trimester or postnatal
catch-up growth may be more critical windows of fetal
programming.
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