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Low birth weight has been associated with elevated arterial
pressure in later life but mechanisms are unknown. Our aim was
to determine the effects of low birth weight resulting from
intrauterine growth restriction (IUGR) on fetal and postnatal
arterial pressures and the potential roles of circulating cortisol
and renin. We induced IUGR by umbilico-placental embolization
(UPE) in fetal sheep from 120 d of gestation until birth (approx-
imately 147 d); postnatal lambs (8 IUGR, 8 controls) were
studied for 8 wk. Fetal and postnatal arterial pressures were
measured and blood samples taken for measurement of gas
tensions, cortisol concentrations and renin activity. In IUGR
fetuses, mean arterial pressure (MAP) initially increased with
UPE, but near term was not different to values in controls. IUGR
lambs weighed 33% less than controls at birth and remained
lighter than controls during the 8 postnatal weeks; their growth
pattern was different to that of controls. IUGR lambs had lower
MAP than controls, and this relative hypotension (24 mm Hg)

persisted throughout the 8 postnatal weeks. Covariate analysis
showed that the relative hypotension of IUGR lambs could have
resulted from their smaller size. Plasma cortisol concentrations
were not different between IUGR and control animals before or
after birth. Plasma renin activity was not different in postnatal
IUGR lambs compared with controls. Thus, postnatal cortisol
and renin levels were not consistent with the development of
hypotension or hypertension. We conclude that late gestational
IUGR in sheep leads to relative hypotension in the early post-
natal period, probably a result of reduced body size. (Pediatr Res
48: 808–814, 2000)

Abbreviations:
UPE, umbilico-placental embolization
IUGR, intrauterine growth restriction
MAP, mean arterial pressure

There is increasing evidence that low birth weight resulting
from intrauterine growth restriction (IUGR) is associated with
an increased risk of later illness. Associations have been
demonstrated between low birth weight and an increased risk
of adult-onset diseases such as hypertension, coronary heart
disease and type II diabetes (1, 2). In adults, an inverse
relationship has been found between arterial pressure and birth
weight (3, 4) and this relationship has been found to be
independent of current body size and lifestyle factors (1).
Studies in children have also revealed inverse relationships
between birth weight and arterial pressure (5). The relationship
in adolescents is less clear with some studies finding inverse
relationships between birth weight and arterial pressure (6) and
others finding positive relationships (7). Based on epidemio-

logic findings, it has been proposed that hypertension is initi-
ated in utero and is amplified with age (8).

Several studies of fetal growth restriction in animals have
also shown relationships between a sub-optimal intrauterine
environment and arterial pressure. Mid-gestational uterine ar-
tery ligation in guinea pigs has been shown to produce growth
restricted offspring with an elevated mean arterial pressure (9).
In the rat, a low protein diet during pregnancy also leads to
growth restricted offspring with an elevated systolic pressure
(10). Using umbilico-placental embolization (UPE) in late
gestation to restrict fetal growth in sheep, Murotsuki et al. (11)
found growth restricted fetuses to have raised arterial pressure
and ventricular hypertrophy. However, a similar study using
UPE in sheep for 20 d in late gestation found growth restricted
fetuses to have lower arterial pressure, with no alteration in
heart weight when adjusted for body weight (12).

Owing to uncertainties about the relationship between IUGR
and the development of arterial pressure, our aim was to
determine the effects of IUGR on arterial pressure in the fetus
and during early postnatal life. Our hypothesis was that IUGR
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leads to hypertension in the fetus and early postnatal period.
We have used the UPE technique as it is a controllable and
reproducible means of restricting placental function that results
in IUGR. Furthermore, many of its effects in the sheep have
been documented (12–14) and resemble features of growth
restricted human fetuses (15). We have measured plasma cor-
tisol and renin as these hormones have been implicated in the
regulation of blood pressure (16, 17). An additional aim was to
characterize the pattern of early postnatal growth following
IUGR induced by late gestational placental insufficiency owing
to evidence that postnatal growth patterns may affect the
development of hypertension (1). We have used only lambs
born at term to avoid the potentially confounding effects of
preterm birth.

METHODS

Fetal Studies

Eighteen pregnant Border Leicester X Merino ewes under-
went surgery at 116 6 1 d after mating (term approximately
147 d). Anesthesia was induced by sodium thiopental (1 g, i.v.)
and was maintained with halothane (1.5% to 2%) in O2. Under
aseptic conditions, the fetal hindquarters were exposed and
catheters implanted into a fetal femoral artery and vein (12).
The arterial catheter was inserted such that its tip lay in the
abdominal aorta, 1–2 cm below the level of the renal artery.
This catheter was later used for blood sampling, the measure-
ment of fetal arterial pressure and to induce UPE. We have
previously shown that the catheter tip remains in the desired
position for at least 25 d after implantation at 115 d and that no
microspheres enter the fetal kidney (12).

Catheters were tracked s.c. to the flank of the fetus for
exteriorization through a small incision (1–2 cm) and were
sutured to its skin. Another catheter was sutured to the fetal
rump for the measurement of amniotic fluid pressure. Before
returning the fetus to the uterus, antibiotics (oxytetracycline
base 200 mg/mL or procaine penicillin 200 mg/mL, dihydro-
streptomycin 250 mg/mL) were administered. EMG electrodes
were inserted into the myometrium to monitor labor. After
surgery, ewes were housed in rooms with 12-h light (0700–
1900) and dark cycles at 18–20°C; ewes had free access to
feed and water. Three to four days of recovery were allowed
after surgery before UPE commenced. The UPE group (n 5 8)
consisted of 1 singleton and 7 twins (6 males and 2 females).
The control group consisted of 8 singleton fetuses (2 males and
6 females). This study was approved by the Monash University
Animal Welfare Committee.

Arterial blood samples (0.5 mL) were collected daily for
measurement of pH, gas tensions (PaCO2, PaO2, SaO2, Radiom-
eter ABL 510, Copenhagen, Denmark); values were adjusted
for a fetal body temperature of 39°C; blood glucose and lactate
concentrations were also measured (2300 STAT analyser; Yel-
low Springs Instruments, Yellow Springs, OH, U.S.A.).

Umbilico-placental embolization. Fetuses in the IUGR
group underwent UPE from 120 d of gestational age (GA) until
birth at term. Insoluble microspheres (Sephadex Superfine
G-25, 40–70mm, Pharmacia LKB, Uppsala, Sweden) were
suspended in 1% wt/vol heparinized saline and 0.02% Tween

80 so that 1 mL of solution contained approximately 106

spheres (12). Microspheres were injected daily so as to reduce
fetal SaO2 by 50% or PaO2 by approximately 8 mm Hg below
pre-UPE values. Catheters of control fetuses were flushed daily
with heparinized saline containing no microspheres.

Fetal arterial pressure. Recordings of fetal arterial pressure
were made for 1 h at 120, 130, and 140 d GA. Arterial pressure
was recorded using external pressure transducers (Viggo-
Spectramed, Oxnard, CA, U.S.A.) and amniotic sac pressure
was electronically subtracted. Fetal heart rate was derived from
the arterial pressure signal. Mean arterial pressure and heart
rate were logged using a digital data recording system (ADIn-
struments Pty Ltd, Castle Hill, NSW, Australia).

Plasma cortisol concentration. Blood samples were taken
weekly for measurement of fetal plasma cortisol concentra-
tions. For IUGR fetuses, these samples were taken at least two
hours after the completion of UPE. Whole blood (2 mL) was
placed into a fluoride heparin tube and centrifuged at 4°C for
15 min (3000 rpm). Measurement of cortisol concentration was
performed using a RIA (18).

Delivery of lambs. Uterine EMG activity was monitored
after 140 d GA and when it indicated the onset of labor, the
fetal catheters were blocked and retaining sutures removed,
allowing catheters to withdraw as the lamb was born. All lambs
included in this study were born vaginally and spontaneously at
term (control n 5 8, IUGR n 5 8). Animals that were born
preterm (,140 d, n 5 6 lambs from 5 ewes) were excluded
from the study. After birth, elasticised netting was placed
around the lamb’s trunk and catheters were secured to the
netting. Lambs were housed with their mothers with access to
feed and water.

Postnatal Studies

Postnatal growth. Measurements of body weight and di-
mensions, including thoracic girth and crown-rump length,
were made between birth and 8 wk after birth. Skinfold
thickness was measured with calipers at 6 standardized sites
over the neck, chest and limbs; measurements from each site
were averaged to obtain a mean skinfold thickness score.
Ponderal index was calculated as:

Ponderal index ~kg/cm3! 5 bodyweight

4 ~crown rump length!3

Arterial pressure. Arterial pressure recordings were made in
each lamb for 1–1.5 hours at 4 d and at 1, 2, 4 and 8 wk after
birth. Lambs lay prone in a sling, in the company of another
lamb, in a quiet, dimly lit isolated room at 22°C. Arterial
pressure and heart rate were recorded as in the fetus. The
behavior of lambs was observed during the recording period
and arterial pressure was excluded from the analysis when
lambs were active (e.g. moving trunk or limbs, bleating). Of
the total pressure recordings, an average of 90.1 6 1.1% (range
64.3% to 100%) was included for analysis. At the completion
of the recording sessions, blood samples were taken for the
measurement of pH, gas parameters, plasma cortisol concen-
trations and renin activity.

809LOW BIRTH WEIGHT AND ARTERIAL PRESSURE



Plasma renin activity. Whole blood (1.5 mL) was drawn
into a chilled syringe and placed into a chilled tube containing
50 mL/ml blood of BAL-EDTA to inhibit the breakdown of
renin. Plasma renin activity was measured as the rate of
generation of angiotensin I (Ang I) in pg/mL plasma/h by renin
acting on endogenous substrate. Angiotensin I concentrations
were measured by RIA (19).

Post mortem. At the end of the 8-wk postnatal study period,
6 lambs in each group were painlessly killed by an overdose of
sodium pentobarbital (325 mg/mL i.v.) and major organs
weighed.

Statistical analysis. Data are presented as mean 6 SEM.
Unpaired t-tests were used to compare growth measurements at
birth and 8 postnatal weeks. A repeated measures analysis of
variance (ANOVA) was used to compare all other data; factors
were treatment and time. An analysis of covariance was per-
formed to assess the effect of current body weight on the
postnatal arterial pressure recordings. Significant differences
indicated by the ANOVAs were subjected to the Least Signif-
icant Difference posthoc test to test for significant differences
between individual group means. The level of significance was
taken at p , 0.05 and only statistically different data are
reported unless otherwise stated.

RESULTS

Fetal Studies

Arterial blood data. Before UPE, there were no differences
in SaO2 between the two groups (56.2 6 2.3%). Between 120 d
and birth, fetuses subjected to UPE were hypoxemic (SaO2 37.2
6 1.5%, PaO2 14.7 6 0.4 mm Hg) compared with controls
(SaO2 55.8 6 0.9%, PaO2 20.7 6 0.4 mm Hg). Before UPE,
fetal PaCO2 was not different between the two groups (45.5 6
1.1 mm Hg) but during UPE, it was higher than in controls
(53.0 6 0.7 versus 47.8 6 1.8 mm Hg). Arterial pH was not
different between the two groups except at 145 d GA when
IUGR fetuses had a lower pH than controls (7.32 6 0.01 versus
7.38 6 0.01). During the UPE period, fetal blood glucose
concentrations were lower in IUGR fetuses than in controls
(0.5 6 0.0 versus 0.7 6 0.0 mmol/L). Blood lactate concen-
trations did not differ between the two groups during the study
period (0.8 6 0.0 mmol/L) (Fig. 1).

Fetal arterial pressure and heart rate. Before UPE, dia-
stolic, systolic and mean arterial pressures did not differ sig-
nificantly between IUGR and control fetuses (diastolic: 31 6 1
mm Hg, systolic: 50 6 2 mm Hg, MAP: 37 6 1 mm Hg). One
day after the onset of UPE (121 d GA), MAP was higher than
in controls (44 6 2 versus 37 6 2 mm Hg). Regression
analysis showed that, in IUGR fetuses, MAP did not change
between 121 d and term; in contrast, MAP in controls in-
creased progressively during this time. Near term, there was no
significant difference in MAP between the two groups (p 5
0.16). At 121 d, diastolic pressure was 32 6 2 mm Hg in
controls and 37 6 3 mm Hg in IUGR fetuses; systolic pressure
was 48 6 3 mm Hg in controls and 56 6 3 mm Hg in IUGR
fetuses. At 140 d, diastolic and systolic pressures were, respec-
tively, 40 6 3 mm Hg and 59 6 2 mm Hg in controls, and 38
6 2 mm Hg and 55 6 2 mm Hg in IUGR fetuses. Fetal heart

rate was not different between the two groups in the pre-UPE
period or at 140 d GA (Fig. 2).

Fetal cortisol concentrations. Plasma cortisol concentra-
tions were not different between control and IUGR fetuses.
Fetal cortisol concentrations increased with age in control
fetuses from 3.2 6 0.7 ng/mL at 120 d GA to 24.8 6 6.0
ng/mL at 141 d GA; values increased in IUGR fetuses from 3.5
6 0.6 ng/mL at 120 d GA to 20.8 6 3.7 ng/mL at 141 d GA
(Fig. 3).

Postnatal Studies

Postnatal growth. All lambs were born at term (IUGR 146
6 1 d, controls 147 6 1 d). At birth, IUGR lambs had
undergone 26 6 1 d of UPE. Birth weights of IUGR lambs
were lower (2.9 6 0.2 kg) than those of controls (4.3 6 0.2
kg), and IUGR lambs remained lighter up to 8 wk after birth
(IUGR 12.7 6 0.9 kg, controls 15.8 6 1.0 kg). On average,
both groups of lambs increased their body weights by 4% each

Figure 1. Arterial O2 saturation (SaO2), PO2 (PaO2), PCO2 (PaCO2) and pH in
IUGR (V) and control (F) animals during the pre-embolization period (118 -
119 d of gestation), the prenatal treatment period (120 d until birth), and in the
postnatal period up to 8 wk after birth. The bar indicates the period of
umbilico-placental embolization. Asterisks (*) indicate values that differ be-
tween groups (p , 0.05).
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day; control lambs gained 240 6 22 g per day while IUGR
lambs gained 185 6 19 g per day. By 8 wk, both groups had
increased their body weights by similar amounts (9.8 6 0.7 kg
in IUGR versus 11.2 6 0.8 kg in controls) and thus the
percentage increase from birth weight of IUGR lambs (441 6
18%) was significantly greater than that of controls (361 6
16%) (Table 1, Fig. 4).

Both crown-rump length and thoracic girth were lower in
IUGR lambs at birth and remained lower than in controls at 8
wk. At birth, IUGR lambs had lower mean skinfold thick-
nesses, but values were not different to those of controls at 8
wk. The ponderal index of IUGR lambs at birth was lower than
in controls; however, at 8 wk ponderal indexes of the two
groups were not different. For both groups, the ponderal index
decreased with age, but the percentage decrease was greater in
control lambs.

Arterial blood gases and pH. PaO2 and SaO2 were similar in
postnatal IUGR and control lambs, with the exception that
IUGR lambs had elevated SaO2 during the first 2 wk. PaCO2

decreased with age but was not different between groups,
except at week 8, when IUGR lambs were hypercapnic com-
pared with controls (IUGR 39.0 6 1.0 mm Hg, controls 35.5 6
0.9 mm Hg). Arterial pH was not different between groups and
increased with age in both groups (Fig. 1).

Postnatal arterial pressure and heart rate. In IUGR lambs,
MAP was lower than in controls at 4 d after birth (IUGR 61 6
2 mm Hg, control 67 6 2 mm Hg) and remained lower at 8 wk
(IUGR 69 6 3 mm Hg, control 73 6 3 mm Hg). At 4 d after
birth, diastolic pressure was lower in IUGR lambs than con-
trols (IUGR 52 6 1 mm Hg, control 57 6 2 mm Hg) and

remained lower throughout the 8-wk study period (IUGR 58 6
3 mm Hg, control 61 6 3 mm Hg). Systolic pressure in both
groups increased with age; it tended (p 5 0.07) to be lower in
IUGR lambs over the postnatal study period. Heart rate was not
different between the groups throughout the postnatal study
period, but decreased with age in both groups. An analysis of
covariance revealed that, when current body weight was taken
into consideration, there was no effect of treatment on MAP,
that is, the lower arterial pressure of the IUGR lambs could be
explained by the lower weight of these animals (p 5 0.128)
(Fig. 2).

Plasma cortisol concentration. After birth, plasma cortisol
concentrations varied between animals and were not different
between the control and IUGR lambs. Values did not differ

Figure 3. Upper: Plasma cortisol concentration in IUGR (C) and control (F)
fetuses and postnatal lambs up to 8 wk of age. The bar indicates the period of
umbilico-placental embolization. Lower: Plasma renin activity in IUGR (V)
and control (F) postnatal lambs. Asterisk (*) indicates value that differs
between groups (p , 0.05).

Table 1. Growth indices of lambs at birth and at 8 weeks of
postnatal age

Birth 8 Weeks

Control IUGR Control IUGR

Crown-rump length
(mm)

521 6 9 486 6 13* 861 6 16 807 6 13*

Thoracic girth (mm) 390 6 5 339 6 7* 629 6 14 565 6 10*
Mean skinfold thickness

(mm)
2.4 6 0.1 2.1 6 0.1* 2.8 6 0.1 2.6 6 0.1

Ponderal index 3 105

(kg/cm3)
3.2 6 0.2 2.6 6 0.1* 2.5 6 0.1 2.4 6 0.2

% change in ponderal
index

221.3 6 2.9 24.7 6 3.9*

Asterisks (*) indicate values that differ between groups (p , 0.05).

Figure 2. Mean arterial pressure (MAP) and heart rate in IUGR (V) and
control (F) fetuses and postnatal lambs up to 8 wk of age. The bar indicates the
period of umbilico-placental embolization. p values refer to a significant effect
of treatment. Asterisk (*) indicates value that differs between groups (p ,
0.05).
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significantly between groups and did not change over the 8-wk
study period; the mean value was 20.2 6 1.5 ng/mL (Fig. 3).

Plasma renin activity. Renin activity decreased with age in
both control and IUGR lambs. In control lambs it decreased
from 21.2 6 5.9 pg Ang I/mL/h at 4 d to 1.7 6 0.3 pg Ang
I/mL/h at 8 wk and in IUGR lambs, it decreased from 18.3 6
2.1 pg Ang I/mL/h at 4 d to 1.5 6 0.5 pg Ang I/mL/h at 8 wk.
At 1 wk, plasma renin activity was greater in IUGR lambs
(25.3 6 3.7 pg Ang I/mL/h) than in controls (10.8 6 2.1 pg
AngI/mL/h) (Fig. 3).

Organ weights at 8 wk. IUGR lambs had significantly lower
kidney and heart weights; however, when adjusted for body
weight, values were not different between groups. Only gas-
trointestinal and brain weights, in relation to body weight, were
greater in IUGR lambs than in controls (Table 2).

DISCUSSION

We have shown that 26 d of fetal hypoxemia and fetal
hypoglycemia induced by placental insufficiency can allow
birth at term but results in fetal growth restriction, lower
postnatal arterial pressure and altered postnatal growth.

During the period of placental insufficiency, alterations in
fetal blood gas values were similar to those measured in
previous studies in sheep using the UPE technique (11–13),
and were similar to values measured by cordocentesis in
human fetuses that were small for gestational age (15). We

found that UPE altered the normal age-related increase in fetal
arterial pressure. The changes we observed after the onset of
UPE, namely an initial increase followed by no further change,
were similar to those seen in our previous study (12). However,
in the previous study (12) we observed a significant reduction
in MAP, relative to controls, near to term (140 d GA). A recent
study by Hawkins et al. (20) has found that fetuses of ewes
nutritionally restricted in the first 70 d of pregnancy also have
lower arterial pressures (although these fetuses were not
growth restricted). Thus, it appears that the relative hypoten-
sion observed postnatally in IUGR lambs may develop during
fetal life.

Our results are not consistent with measurements of fetal
MAP made in two other studies using the UPE technique in
sheep. In one study fetal MAP was not altered by 10 d of UPE
starting at 122–125 d GA (13), while in another study fetal
MAP was increased during 20 d of UPE between 110 and
130 d GA (11). The explanation for the apparent inconsisten-
cies between studies is not clear, but it may be due to differ-
ences in the severity and gestational timing of UPE.

As we studied only pregnancies that proceeded to term, our
findings on low birth weight postnatal lambs can be attributed
to chronic placental insufficiency and IUGR without the po-
tentially confounding effect of preterm birth. Our findings do
not support the hypothesis that arterial pressure in the early
postnatal period is inversely related to birth weight, when low
birth weight is caused by IUGR. In contrast, low birth weight
at term was associated with lower arterial pressure in the
postnatal period. While the majority of epidemiologic studies
(1, 2) have found inverse relationships between birth weight
and arterial pressure in adults and children, some studies of
infants have found positive relationships as in our study.
Studies of human neonates have found that arterial pressure is
positively correlated with birth weight up to 8 d after birth
(21–23). It is possible that there is a “crossing-over” from
relative hypotension to relative hypertension in individuals
affected by IUGR some time after the early postnatal period. A
study of ovine growth restriction using the carunclectomy
technique (reduction of placental mass) has shown growth
restricted lambs to have lower postnatal arterial pressure soon
after birth, but by 60 d after birth arterial pressure became

Figure 4. Postnatal body weights from birth to 8 wk in IUGR (V) and control
(F) lambs. Throughout the 8-wk period, IUGR lambs weighed less than
controls (p , 0.01).

Table 2. Organ weights at 8 weeks of postnatal age in control and IUGR lambs

Organ weight (g) Organ/body weight (g/kg)

Control
(n 5 6)

IUGR
(n 5 6)

Control
(n 5 6)

IUGR
(n 5 6)

Heart (total) 82.1 6 5.1 57.6 6 3.8* 4.9 6 0.1 4.7 6 0.2
Heart (left ventricle) 48.1 6 3.5 31.4 6 2.2* 2.9 6 0.2 2.5 6 0.1
Heart (right ventricle) 14.1 6 1.4 9.0 6 0.6* 0.8 6 0.7 0.7 6 0.1
Lungs 224.2 6 20.3 177.8 6 24.5 13.3 6 0.6 14.1 6 1.1
Kidneys 93.3 6 6.3 70.2 6 6.4* 5.6 6 0.3 5.6 6 0.3
Adrenal glands 1.28 6 0.06 1.12 6 0.09 0.08 6 0.01 0.09 6 0.01
Gastrointestinal tract† 2747 6 257 2781 6 290 164 6 12 222 6 13*
Brain 72.7 6 1.4 70.3 6 3.8 4.4 6 0.2 5.7 6 0.3*
Liver 305.8 6 29.8 251.2 6 16.0 18.2 6 1.2 20.4 6 1.3
Brain:liver ratio 0.25 6 0.03 0.28 6 0.01

Asterisks (*) indicate values that differ between groups (p , 0.05).
† includes contents.

812 LOUEY ET AL.



greater than that of controls and this difference continued into
adulthood (24). Although there were no indications of a cross-
over in our study by 8 wk, we cannot exclude that it may occur
after this time.

In our study, all of the control lambs were singletons
whereas the majority (7/8) of IUGR lambs were twins. We
chose to embolize twin fetuses as our aim was to compare
arterial pressures following low birth weight resulting from
placental insufficiency and IUGR and we wished to maximize
the degree of growth restriction. At the time of initiating this
study we were unaware of data relating to differing program-
ming of arterial pressure in twins and singletons (25). How-
ever, other studies have shown that birth weight and arterial
pressure remain inversely related when the analysis included
both singletons and twins (25, 26), and twins alone (26, 27).

In a previous study in which we measured arterial pressure
in growth restricted ovine fetuses during UPE over a similar
period of gestation (12) we found that MAP of growth re-
stricted fetuses, all of which were singletons, was significantly
lower than that of controls at 140 d of gestation. Thus we do
not believe that the observed alterations in fetal and postnatal
arterial pressures in the present study were due to the use of
twins per se.

It is possible that the lower arterial pressure observed in our
IUGR lambs was simply due to their smaller size, as in
children, MAP is related to current size (2). The analysis of
covariance showed that the lower arterial pressure of the IUGR
lambs could be explained by these lambs having a lower body
weight compared with controls. However, their lower body
weights at each postnatal age were the result of the IUGR
together with their failure to catch-up in absolute body weight
in the postnatal period. Therefore, placental insufficiency can
still be said to have led to the relative hypotension of these
IUGR lambs.

Our measurements of plasma renin activity showed that it
decreased in both IUGR and control lambs over the first 8 wk
after birth. This was expected as plasma renin activity in fetal
sheep has been shown to be higher than maternal levels (28).
Based on epidemiologic evidence (1), we hypothesized that
IUGR lambs would be hypertensive and a potential mechanism
was considered to involve increased activity of the renin-
angiotensin system. Higher plasma renin levels have been
measured in IUGR infants than in normally grown infants (29).
This observation is consistent with our finding of a transient
increase in plasma renin activity in the IUGR lambs at 1 wk
compared with controls. However, this period of elevated
plasma renin activity corresponded to a relative hypotension in
the IUGR lambs; this raises the possibility that the increased
plasma renin activity was a response to the lower arterial
pressure. A recent study (30) found no difference in the MAP
of control and IUGR fetuses (following carunclectomy); how-
ever, these two groups of animals responded differently to
captopril (ACE inhibitor) and angiotensin II infusions. These
results (30) suggest that arterial pressure in IUGR fetuses may
be regulated by the renin-angiotensin system in a manner
different to that in normal fetuses.

Recent studies in rats have implicated exposure to high
levels of glucocorticoids in utero with hypertension in off-

spring (31). Dexamethasone treatment of ewes at a critical
stage of pregnancy has also been shown to lead to hypertensive
offspring (32). In our study, no differences were measured
between the plasma cortisol concentrations in the control and
IUGR animals before or after birth, suggesting that circulating
glucocorticoids are not responsible for the differences in arte-
rial pressure between groups. Owing to high levels of variabil-
ity in postnatal plasma cortisol levels, it is unlikely that we
could have detected small differences between groups.

UPE has been shown to increase the vascular resistance of
the placenta (14) by obstructing placental vessels and it may,
therefore, increase the total peripheral resistance of the feto-
placental circulation. In contrast, arterial pressures in our post-
natal IUGR lambs were lower than in controls suggesting that
their total peripheral resistance may have been reduced by
UPE. We speculate that compensatory vasodilation may have
occurred in the fetus (e.g. in the brain or heart), possibly in
response to chronic hypoxemia (33), and/or elevated plasma
concentrations of PGE2 (34), and that this vasodilation in turn
led to persistent changes to vessel wall structure. It is also
possible that the hypoxemia and hypoglycemia resulting from
the UPE could stimulate angiogenesis and/or affect collagen
and elastin content in the fetal vasculature and that these
alterations could persist into the postnatal period. A reduced
nutrient supply has been shown to inhibit collagen production
(35, 36), and hypoxia has been shown to down-regulate the
tropoelastin gene (37). Human fetuses considered to be growth
restricted have been found to have evidence of impaired ven-
tricular function (38). Thus, it is possible that IUGR lambs had
impaired cardiac function and lower cardiac output relative to
controls.

Lambs subjected to 26 d of UPE had birth weights that were
33% lower than those of control lambs. Indeed, the birth
weights of the IUGR lambs (2.9 kg) suggest that little growth
had occurred during the 26 d of UPE; based on data from 17
normal fetal sheep, we estimate that fetal body weight at the
onset of UPE (120 d) is 2.2 kg. Although the postnatal growth
rate of IUGR lambs was similar to that of normal lambs, there
was evidence of relative, but not absolute catch-up in the body
weights of the IUGR lambs. Studies of human infants affected
by IUGR show that a high percentage of these infants show
catch-up growth within the first 2 y (39, 40). While catch-up
growth was small in our growth restricted lambs at 8 postnatal
weeks of age, it may occur at a faster rate at a later age.

At birth, IUGR lambs were observed to have a “wasted”
appearance, confirmed by their lower ponderal index and
decreased skinfold thickness compared with controls. In hu-
mans, a low ponderal index at birth, indicative of thinness, has
been correlated with an increased risk of hypertension in
adulthood (3). The percentage reduction in ponderal index
during the postnatal period was greater in control lambs than in
IUGR lambs, so that by 8 wk, the ponderal index was the same
in both groups. This suggests that, in control lambs, body
length increased after birth at a relatively greater rate than body
weight. In contrast, IUGR lambs had a greater increase in body
weight relative to crown rump length; this is consistent with
IUGR lambs having a lower thoracic girth but increased weight
of the gastrointestinal unit per kg body weight.
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While the IUGR lambs had lower body weights and exhib-
ited different patterns of postnatal growth, only the gastroin-
testinal and brain weights (body weight adjusted) differed
between the two groups. Increased relative brain weights in the
IUGR lambs suggest the brain sparing effects of growth re-
striction (12) are still evident at 8 wk of age. Increased fetal
heart weight (body weight adjusted) and increased ventricular
wall thickness (11) have been associated with increased arterial
pressure in growth restricted fetuses. In our study, there were
no differences in the heart weights of 8-wk-old lambs after
adjustment for body weight. However, as arterial pressure was
not increased in the IUGR lambs, ventricular hypertrophy was
not expected.

We conclude that UPE in the final 0.18 of ovine gestation
can result in the birth of growth restricted lambs at full term.
These lambs exhibited evidence of relative catch-up in body
weight by 8 wk and developed an altered pattern of body
growth. Although the growth restricted fetuses had similar
MAP before birth, they had lower MAP for 8 wk after birth.
This relative hypotension could be related to their lower body
weight. Plasma levels of cortisol and renin in our postnatal
animals were not consistent with a role in the development of
hypertension or hypotension. It remains to be established
whether these lambs will become hypertensive later in life.
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