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Key points

e Delayed cord clamping improves circulatory stability in preterm infants at birth, but the
underlying reason is not known.

e In a new preterm lamb study we investigated whether delayed cord clamping until ventilation
had been initiated improved pulmonary, cardiovascular and cerebral haemodynamic stability.

e We demonstrated that ventilation prior to cord clamping markedly improves cardiovascular
function by increasing pulmonary blood flow before the cord is clamped, thus further stabilising
the cerebral haemodynamic transition.

e These results show that delaying cord clamping until after ventilation onset leads to a smoother
transition to newborn life, and probably underlies previously demonstrated benefits of delayed
cord clamping.

Abstract Delayed cord clamping improves circulatory stability in preterm infants at birth, but
the underlying physiology is unclear. We investigated the effects of umbilical cord clamping,
before and after ventilation onset, on cardiovascular function at birth. Prenatal surgery was
performed on lambs (123 days) to implant catheters into the pulmonary and carotid arteries
and probes to measure pulmonary (PBF), carotid (CaBF) and ductus arteriosus blood flows.
Lambs were delivered at 126 &= 1 days and: (1) the umbilical cord was clamped at delivery and
ventilation was delayed for about 2 min (Clamp 1st; n=6), and (2) umbilical cord clamping
was delayed for 3—4 min, until after ventilation was established (Vent 1st; n=6). All lambs
were subsequently ventilated for 30 min. In Clamp 1st lambs, cord clamping rapidly (within
four heartbeats), but transiently, increased pulmonary and carotid arterial pressures (by ~30%)
and CaBF (from 30.2 £5.6 to 40.1 = 4.6 mlmin~' kg™!), which then decreased again within
30-60 s. Following ventilation onset, these parameters rapidly increased again. In Clamp Ist
lambs, cord clamping reduced heart rate (by ~40%) and right ventricular output (RVO; from
114.6 £ 14.4 to 38.8 £ 9.7 ml min~' kg '), which were restored by ventilation. In Vent 1st lambs,
cord clamping reduced RVO from 153.5 & 3.8 t0 119.2 £ 10.6 ml min~' kg~', did not affect heart
rates and resulted in stable blood flows and pressures during transition. Delaying cord clamping
for 3—4 min until after ventilation is established improves cardiovascular function by increasing
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pulmonary blood flow before the cord is clamped. As a result, cardiac output remains stable,
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leading to a smoother cardiovascular transition throughout the early newborn period.
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ventricle; RVO, right ventricular output; SVC, superior vena cava.

Introduction

Traditionally, the umbilical cord is clamped and cut
immediately after birth, but in 2010, the Inter-
national Liaison Committee on Resuscitation (ILCOR)
recommended that the cord should not be cut for at least
1 min after birth in infants not requiring resuscitation
(Perlman et al. 2010). This recommended change in
practice is to facilitate blood transfer from placenta to
baby to reduce iron deficiency and later anaemia. However,
the immediate cardiovascular consequences of leaving the
umbilical cord intact after birth have not been explored.

Clamping the umbilical cord immediately increases
systemic peripheral resistance, resulting in an increase
in arterial pressure (afterload) (Dawes, 1968; Rudolph,
1977). However, as the placental circulation receives
30-50% of fetal cardiac output, cord clamping transiently
reduces venous return (by 30-50%), which, combined
with the increase in afterload, decreases cardiac output
(Crossley et al. 2009). These changes significantly impact
on cardiac function in the newborn as its circulation
transitions into a neonatal phenotype. In adults, venous
return to the left ventricle (LV; preload) is solely derived
from pulmonary venous return. In the fetus, LV pre-
load is mostly derived from the umbilical circulation via
the ductus venosus and foramen ovale (Rudolph, 1979),
because fetal pulmonary vascular resistance (PVR) is high
and pulmonary blood flow (PBF) is low. Thus, following
cord clamping, umbilical venous return is lost and left
ventricular output (LVO) becomes dependent on PBE as
in adults. Any delay between umbilical cord clamping and
the increase in PBF could therefore severely affect LVO and
potentially result in organ injury.

Lung aeration at birth is central to the fetal to neonatal
transition (Hooper & Harding, 2005). It triggers an 8-
to 10-fold increase in PBF (Dawes et al. 1953; Rudolph,
1977; Polglase & Hooper, 2006), which is essential for
both pulmonary gas exchange and maintenance of LVO. To
avoid the loss of venous return and decrease in LVO caused
by cord clamping, ideally pulmonary ventilation should
precede cord clamping so that PVR can decrease first. This
would enable pulmonary venous return to immediately
replace umbilical venous return as the primary source for

LV preload and to minimise swings in LVO caused by
cord clamping. As large, rapid swings in LVO and arterial
pressure increase the risk of intraventricular haemorrhage,
this could be clinically important, particularly in very pre-
term infants who have poor autoregulatory control of their
cerebral circulation (Del Toro et al. 1991; Greisen, 2005;
Gilmore et al. 2011).

Most term infants cry and begin breathing soon after
delivery and so probably decrease PVR and increase PBF
before the umbilical cord is clamped. However, in infants
born apnoeic, the cord is clamped before respiratory
support is provided. Recent clinical trials indicate that
delayed cord clamping improves cardiovascular function
after birth (Meyer & Mildenhall, 2012; Sommers et al.
2012) and cerebral oxygenation (Takami et al. 2012), but
the benefits are thought to result from improved blood
transfer from placenta to infant, rather than other physio-
logical factors. In particular, understanding how lung
aeration and the decrease in PVR may contribute to the
benefits of delayed cord clamping after birth has not been
considered. Delayed cord clamping allows time for the
infant to aerate its lungs and increase PBF before venous
return from the placental circulation is lost. As a result, the
venous return that sustains LVO can immediately switch
from the umbilical to the pulmonary circulation, thereby
avoiding large swings in cardiovascular function.

We have investigated the effect of commencing
ventilation before and after clamping the umbilical cord
on the transition of the cardiopulmonary circulation after
preterm birth. We hypothesised that initiating ventilation
before umbilical cord clamping will improve cardio-
vascular stability following preterm birth.

Methods
Ethics statement

The experimental protocol was performed in accordance
with guidelines established by the National Health and
Medical Research Council of Australia and was approved
by the Monash Medical Centre (MMCA) animal ethics
committee at Monash University.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Surgical preparation

Aseptic  surgery was performed on 12 pregnant
Border-Leicester/Merino ewes at 123 &+ 1 days gestation
(term is ~147 days) as described previously (Crossley
et al. 2009). Anaesthesia of ewe and fetus was induced
with an Lv. bolus of 5% sodium thiopentone (Pentothal;
1 g in 20 ml) and, following intubation, maintained with
inhalation of 1.5-3% halothane in air. The fetal head and
neck were exposed via a hysterotomy and an ultrasonic
flow probe (3 mm: Transonic Systems, Ithaca, NY, USA)
was placed around a carotid artery. Polyvinyl catheters
were inserted into the other carotid artery and into a
jugular vein. Ultrasonic flow probes (4 mm) were also
placed around the left main pulmonary artery and ductus
arteriosus (DA) via a thoracotomy. A polyvinyl catheter
was placed into the left pulmonary artery via direct
puncture. The fetal chest and neck were sutured closed
and the fetus returned to the uterus and the maternal
incisions closed. The ewe recovered for 3 days and received
post-operative analgesia (transdermal fentanyl patches,
75 ugh™'; Janssen-Cilag, North Ryde, NSW, Australia).
Fetal well-being was monitored daily by measuring the
partial pressure in arterial blood of oxygen (P,o,) and
carbon dioxide (P,co,), pH, arterial oxygen saturation of
haemoglobin (S,0,; Rapidlab Massimo Frenchs Forest,
NSW, Australia), glucose and lactate (ABL30; Radio-
meter, Copenhagen, Denmark). Instantaneous blood
flows in the left main pulmonary artery (LPA) and DA
were recorded digitally using a data acquisition system
(Powerlab; ADInstruments, Castle Hill, NSW, Australia).
Arterial pressures were measured using pressure trans-
ducers (PD10; DTX Plus Transducer; Becton Dickinson,
Singapore) and also recorded digitally. Control recordings
of all arterial pressures and flows were obtained 24 h before
the experimental procedure.

Experimental procedure

At 126 £ 1days, ewes were anaesthetised (as above)
and fetuses exposed via hysterotomy. The fetal trachea
was intubated with a 4.0 mm cuffed endotracheal tube
and lung liquid was drained passively. At 126 days of
gestation fetal sheep are in the early alveolar stage of lung
development (Alcorn et al. 1981). However, functionally,
their lungs more closely relate to a 26-28 week preterm
infant as they develop severe respiratory distress soon
after birth and are unable to survive without significant
respiratory support. Each fetus was randomised to either
umbilical cord clamping before ventilation (Clamp Ist)
or cord clamping after the establishment of ventilation
(Vent 1st) groups (n=6 for each). In Clamp 1st lambs,
the umbilical cord was immediately clamped and cut
and ventilation commenced 2.1 + 0.1 min later. In Vent
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1st lambs, pulmonary ventilation commenced while the
umbilical cord remained patent. Umbilical cord clamping
was delayed (by 3.7+ 0.3min) until after PBF had
increased, whereupon the cord was clamped and cut. In
all lambs, ventilation began with a 20 s sustained inflation
delivered by a Neopuff (Fisher & Paykel Healthcare,
Panmure, Auckland, New Zealand) using a peak inflation
pressure (PIP) of 35 cmH,O. Lambs then received positive
pressure ventilation (Babylog 8000+; Driger, Liibeck,
Germany) in volume guarantee mode with a tidal volume
of 7mlkg™! and a positive end-expiratory pressure of
5 cmH,O. Inspired gases were warmed and humidified, the
inspired oxygen was adjusted to maintain transcutaneous
arterial oxygen saturation (S,0,) at 90-95% and a P,co,
of 35-55mmHg was targeted. The lamb’s well-being
was monitored by regular blood gas analysis (ABL30;
Radiometer) and S,o, monitoring. All lambs remained
anaesthetised and apnoeic throughout the experiments
using an infusion of Alfaxane (Lv. 5-15mgkg 'h™';
Jurox, East Tamaki, Auckland, New Zealand) in 5%
dextrose via the jugular vein catheter. Ewes and lambs were
humanely killed (sodium pentobarbitone: >100 mgkg™"
L.v.) at the end of the study period.

Data and statistical analysis

All pressure and flow data were averaged over 5 heart
beats and analysed every 30s before, during and after
umbilical cord clamping and ventilation onset. Data were
also obtained for each of the first 10 consecutive heart beats
following umbilical cord clamping in both groups. Right
ventricular output (RVO) was calculated as the sum of total
PBF and blood flow through the DA, taking ductal flow
from pulmonary to aorta as positive and flow from aorta
to pulmonary artery as negative. Total PBF was estimated
from LPA flow based on the weight difference between
the left and right lungs as previously described (Crossley
etal.2009). All data were compared over time and between
groups using either a two-way repeated-measures ANOVA
for postnatal physiological data, or a one-way ANOVA for
fetal data (Sigmastat v3.0; SPSS Inc., Chicago, IL, USA).
Data are presented as mean = SEM. Statistical significance
was accepted for P < 0.05.

Results

Fetal body weights and arterial blood gas parameters
were similar between groups prior to delivery (Table 1).
By chance, four females were randomised to the Clamp
Ist group and none to the Vent 1st group. We have pre-
viously shown no sex-related differences in the cardio-
pulmonary haemodynamic transition at birth in preterm
lambs (Polglase et al. 2012).
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Table 1. Fetal characteristics

Clamp 1st Vent 1st
n (males) 6 (2) 6 (6)
Weight (kg) 3.3+ 0.6 29 £ 05
pH 7.34 + 0.06 7.47 + 0.02
Pao, (mmHg) 183 £ 2.9 245 £+ 45
Paco, (mmHg) 46.3 + 45 43.4 + 23
Sa0, (%) 68.2 + 7.7 68.1 + 13.3
Hb (g dI-") 93 + 06 12.0 £ 1.2

Ventilation parameters

All lambs received a tidal volume of 7.0 +0.1 mlkg™'.
PIPs (Clamp 1st,42.3 & 2.8; Vent 1st,39.8 &+ 3.0; P = 0.54),
respiratory rates (Clamp 1st, 49.4 & 3.4 breaths min~';
Vent 1st, 52.5 4 3.3 breaths min™'; P=0.53) and mean
airway pressures (data not shown) were similar in both

groups at all times.

Arterial blood gas parameters

P.co,» P.o, and S,0, levels were not different between
groups prior to or during ventilation (Tables 1 and
2). Oxygenation, determined by the alveolar arterial
difference in oxygen (AaDQ,), was not different between
groups, although oxygenation tended (P = 0.059) to be
lower in Vent 1st lambs at 5 min (Table 2). Similarly, there
was a trend for higher Fp, at 5 min in Vent 1st lambs (P =
0.059) but overall there was no difference between groups
(data not shown). Haemoglobin tended to be higher after
30 min in Vent 1st than in Clamp 1st lambs but this was
not statistically significant (Vent 1Ist: 11.4 £ 0.7 g dI™';
Clamp 1st: 10.4 + 0.7 g dI™'; P = 0.10).

Cardiovascular changes caused by umbilical cord
clamping

Umbilical cord clamping caused major haemodynamic
changes in unventilated (Clamp 1st) lambs, which
were mitigated if ventilation preceded (Vent 1st group)
umbilical cord clamping (Fig. 1).

Heart rate. In Clamp 1st lambs, heart rates decreased
from 171.0 £ 11.9 beats min~! immediately before cord
clamping to 102.0 & 7.0 beats min~' at 120 s after
cord clamping. Heart rates remained unchanged in Vent
Ist lambs (165.2 £ 15.5 vs. 164.8 &+ 17.0 beats min~/;
Fig. 2).

Carotid artery pressure (Pca) and carotid artery blood
flow (CaBF). In Clamp Ist lambs, cord clamping rapidly
increased Pc, from 34.8 £4.2t046.0 £ 5.4 mmHg (~34%
increase) after only 4 heart beats (Fig. 3). It remained
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elevated at 30 s (46.3 & 6.0 mmHg) before decreasing to
31.0 & 3.3 mmHg at 90 s (Fig. 2). Similarly, in Clamp
Lst lambs, cord clamping increased CaBF from 30.2 £ 5.6
to 40.1 & 4.6 ml min~! kg™! after 4 heart beats (Fig. 3).
CaBF remained elevated at 30's (38.8 £ 5.4 mlmin~' kg™')
before decreasing to 22.9 + 7.7 mlmin~"' kg~ at 90 s (Fig.
2). The increase in CaBF coincided with increased diastolic
flow, which increased from 13.9 &+ 4.2 to 26.0 + 3.8 ml
min~! kg™! after 4 heart beats (Fig. 3). In contrast, cord
clamping in Vent 1st lambs caused only a small increase
in Pcy (from 41.1 + 4.2 to 43.8 & 3.9 mmHg) and CaBF
(from 31.3 & 3.3 t0 35.0 &= 4.8 ml min~' kg ') after 4 heat
beats (Fig. 3), which remained stable at these levels for the
next 120 s (Fig. 2).

Pulmonary artery pressure (Ppa) and PBF. In Clamp 1st
lambs, cord clamping also rapidly increased Ppy from
44.6 £ 54 to 54.3 + 5.1 mmHg after 4 heart beats
(Fig. 3), which remained elevated at 30 s (51.5 &+
5.9 mmHg) before decreasing to 38.2 = 3.2 mmHg at 90 s
(Fig. 2). Despite these changes in Ppy, cord clamping did
not alter mean PBF because the minimum PBF increased
(from —59.9 £ 9.7 to —36.6 £12.6 ml min~! kg™!) and
the maximum PBF decreased (from 99.3 + 21.9 to 70.1 +
20.4 ml min~! kg™!) by a similar degree (Fig. 1). In Vent
Ist lambs, cord clamping caused only small increases in
Ppy (from 38.6 £ 2.2 to 42.5 & 2.2 mmHg) and PBF (from
70.6 + 19.0 to 82.8 + 18.0 ml min~" kg™!) (Fig. 2).

DA blood flow and RVO. In Clamp 1st lambs, cord
clamping reduced DA blood flow from 107.8 =+
12.2 to 78.6+13.3 mlmin~' kg~! after 4 heart beats
(Fig. 3), to 60.9+15.7mlmin~'kg™! at 30s and to
38.3+£9.0mlmin~'kg™' at 90s (Fig. 2). In Vent Ist
lambs, cord clamping reduced DA flow from 58.8 £ 11.4
to —10.5+22.9mlmin~'kg™' within 4 heart beats
(Fig. 3). The change from positive to ‘negative’ flows
indicates a switch from right to left flow (positive value)
through the DA to predominantly left to right flow
(negative value). In Clamp Ist lambs, cord clamping
reduced RVO by ~65% within 90s (from 114.6 + 14.4
t038.8 £ 9.7 ml min~" kg™'), which accounts for the large
decrease in DA flow. However, in Vent 1st lambs, cord
clamping only reduced RVO by ~22% (from 153.5 £ 3.8
to 119.2+10.6 mlmin~'kg™!) and so the associated
decrease in DA flow resulted from the increase in PBF
(Fig. 2).

Cardiovascular changes caused by ventilation

Pca and CaBF. In Clamp Ist lambs, ventilation increased
both Pca (from40.2 £ 4.8 to 47.2 £ 4.3 mmHg) and CaBF
(from 24.0 £ 7.1t033.4 + 9.4 ml min~' kg™') within 30 s;
CaBF continued to increase to 37.7 = 9.0 ml min~' kg™

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Table 2. Arterial blood gas changes after birth in lambs ventilated before (Vent 1st) and after (Clamp 1st) cord clamping
Time (min)
5 10 20 30

Clamp 1st Vent 1st Clamp 1st Vent 1st Clamp 1st Vent 1st Clamp 1st Vent 1st
Pao, (mmHg) 16.8+£3.2 329297/ 256+11.4 29.4+5.1 25.9+3.7 24.4+3.6 27.0£4.1 30.6+3.8
Paco, (mmHg) 63.61+4.2 70.0+12.4 55.2+4.2 55.2+12.3 54.9+5.7 50.2+13.5 55.6 6.1 483+ 14.7
Sa0, (%) 54.0+8.1 59.3+17.0 47.4+8.2 76.5+10.9 724+6.0 75.1+£7.3 71.4+8.1 76.4+7.0
AaDO; 267 £72 188 +£40 311+ 100 264 +69 220+£33 376 £ 95 221+33 388 £ 87

at 120s after ventilation onset (Fig. 4). In Vent 1st
lambs, ventilation caused a gradual decrease in Pca
(from 53.7 5.5 to 48.1 &+ 4.6 mmHg) and CaBF (from
37.9+6.4t031.3 £ 4.4 mlmin~' kg™!) over the first 120 s
after ventilation onset (Fig. 4).

Ppp and PBF. In Clamp 1st lambs, ventilation increased
Ppy (from 41.2+4.2 to 46.5+3.7mmHg) and PBF
(from 1.2 £0.7t024.1 + 8.8 ml min~" kg™ ') after 30 sand
PBF continued to increase to 45.7 = 11.3 ml min~' kg™!
after 120s (Fig. 4). In Vent Ist lambs, ventilation
caused a gradual decrease in Ppy, (from 40.0 £ 3.8 to
34.9 + 0.8 mmHg at 120 s), whereas PBF increased from
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11.1£4.9 to 457+ 13.5mlmin"'kg™' at 120s after
ventilation onset (Fig. 4).

DA blood flow and RVO. In both Clamp 1st and Vent Ist
lambs, ventilation caused a gradual and similar reduction
in DA blood flow although absolute values were very
different between groups (Fig. 4). DA blood flow was
reduced from 136.6 & 31.3 and 39.1 £ 7.3 ml kg~! min™"
to 74.5 £+ 13.6 and —4.6 + 26.8 ml min~" kg~' at 120 s
after ventilation onset in Vent Ist and Clamp 1st lambs,
respectively. In contrast, the changes in RVO were very
different between groups (Fig. 4). Importantly, ventilation
did not alter RVO in Vent 1st lambs (144.1 & 5.4 ml min !
kg™!) but markedly increased RVO in Clamp 1st lambs

Ventilated

L o I

5 sec

-

Figure 1. Recordings in unventilated and ventilated lambs before and after umbilical cord occlusion
Carotid arterial pressure (Pca), pulmonary arterial pressure (Ppa), pulmonary blood flow (PBF), blood flow through
the ductus arteriosus (DABF) and carotid arterial blood flow (CaBF) in unventilated (left) and ventilated (right)
lambs before and after umbilical cord occlusion (indicated by dotted line).

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Figure 2. Parameter changes in ventilated and unventilated lambs before and after umbilical cord
occlusion

A-F, changes in mean (+SEM) carotid arterial blood pressure (A), heart rate (B), carotid arterial blood
flow (C), pulmonary blood flow (D), ductus arteriosus (DA) blood flow (E) and right ventricular output (F) in
ventilated (open circles) and unventilated lambs (filled circles) before and after umbilical cord occlusion (indicated
by dotted line).
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Figure 3. Parameter changes in ventilated and unventilated lambs for the first 10 heart beats after
umbilical cord occlusion

A-F, changes in mean (SEM) carotid arterial blood pressure (4), pulmonary arterial pressure (B), carotid arterial
blood flow (C), minimum carotid arterial blood flow (D), pulmonary blood flow (E) and ductus arteriosus (DA)
blood flow (F) in ventilated (open circles) and unventilated lambs (filled circles) for the first 10 heart beats after
umbilical cord occlusion (indicated by dotted line). ‘0’ represents the heart beat immediately before cord clamping.
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Figure 4. Parameter changes in response to ventilation onset

A-F, changes in mean (&SEM) carotid arterial blood pressure (A), heart rate (B), carotid arterial blood flow (C),
pulmonary blood flow (D), ductus arteriosus (DA) blood flow (E) and right ventricular output (F) in response to
ventilation onset (indicated by dotted line). Lambs either had an open, intact umbilical cord (open circles) or had
a clamped umbilical cord (filled circles).
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from 40.7 £+ 8.2 to 122.7 + 19.3 ml min~' kg™! at 120 s
after ventilation onset.

Temporal changes in cardiovascular function after
birth

Initiating ventilation before cord clamping had beneficial
affects on cardiovascular function for at least 30 min after
birth (Figs 5 and 6). In Clamp 1st lambs, cord clamping
increased Pca, Ppn and CaBF within 4-5 heart beats
(Fig. 3). These parameters remained elevated for 30 s, were
then reduced at 120 s before they rapidly (within 30-60 s)
increased again following ventilation onset (Fig. 5) where
they remained for at least 30 min after birth (Fig. 6). In
contrast, Pca, Ppy and CaBF remained relative constant in
Vent 1st lambs throughout the 30 min study period after
birth (Figs 5 and 6).

Although ventilation onset increased PBF to a similar
degree in both Vent 1st and Clamp 1st lambs, initiating
ventilation before cord clamping resulted in higher PBF
levels for the first 4 min after birth (Fig. 5). At 5 min after
birth, PBF values were similar between groups but by
10 min, PBF values were again higher in Vent 1st lambs
and remained higher at 30 min after birth (Fig. 6). In
contrast to Vent 1st lambs, RVO was markedly reduced by
cord clamping in Clamp 1st lambs and remained reduced
until ventilation began. RVO then markedly increased in
Clamp 1stlambs and was not different from Vent 1st lambs
3—4 min after birth (Fig. 5). However, between 10 and
30 min after birth, RVO was significantly lower in Clamp
Ist lambs than in Vent 1st lambs (Fig. 6).

Discussion

Current ILCOR guidelines recommend that cord clamping
should be delayed by 1min in babies not requiring
resuscitation, but state that there is insufficient evidence
to support or refute a recommendation to delay clamping
in babies requiring resuscitation (Perlman et al. 2010).
Our study shows that delaying cord clamping until after
ventilation begins could have marked beneficial effects in
infants requiring respiratory support. We have detailed
the cardiovascular changes caused by umbilical cord
clamping and how initiating ventilation prior to cord
clamping modifies these changes. Specifically, umbilical
cord clamping caused a profound disturbance in cardio-
vascular function, resulting in a rapid (within 4 heart
beats), transient (~30s) increase in Pca, Ppy and CaBFE
but all of these then decreased below pre-clamping levels
over the next minute. Similarly, heart rates and RVO were
markedly decreased within 120s of cord clamping and
remain reduced until ventilation began. In contrast, if
umbilical cord clamping was delayed until after ventilation
had commenced, these large changes in heart rate, arterial
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pressures and flows were greatly reduced, resulting in a
much more stable cardiovascular transition after birth.
Furthermore, when ventilation precedes cord clamping, a
secondary increase in PBF and RVO persists for at least
30 min after birth.

The increases (~30%) in Pcy caused by umbilical
cord clamping in the absence of ventilation has been
described previously (Dawes, 1968) and are accompanied
by increases in Ppsy. These result from an increase in
systemic arterial resistance, caused by the loss of the
low resistance placental vascular bed when the cord is
clamped. In contrast, ventilation prior to cord clamping
reduces the increase in Pcy and Ppy from ~30% to <10%
(Figs 1-3 and 5). The probable reason for this reduction
is that ventilation reduces PVR before cord clamping
and as the two circulations (systemic and pulmonary)
are joined via the DA, the low PVR helps to keep the
overall circulatory resistance low upon cord clamping.
As a result, the pulmonary circulation can immediately
become an alternative route for systemic arterial flow when
systemic resistance increases with cord clamping. Indeed,
in ventilated (Vent 1st) lambs, umbilical cord clamping
reduced right to left flow through the DA by over 95%
within 1 heart beat and had reversed within 4 heat beats to
become mainly left to right (—10.5 £ 22.9 ml min~' kg ')
(Fig. 3). Thus, within 4 heat beats of cord clamping,
the contribution of RVO to systemic arterial flow had
virtually ceased in Vent 1st lambs and was redirected
into the pulmonary circulation. In addition, flow from the
systemic circulation began to contribute to PBF due to left
to right shunting through the DA, as previously described
(Crossley et al. 2009). However, the overall increase in
PBF was relatively small because RVO was simultaneously
reduced (Fig. 2). In contrast, if the cord was clamped
before ventilation (Clamp 1st lambs), DA flow remained
right to left because PVR remained high and downstream
resistance in the systemic circulation was still lower despite
the loss of the low resistance placental circulation. The
consequence of this is a much more severe decrease in
RVO following cord clamping due to the increase in after-
load and the loss of preload.

When the cord was clamped before ventilation began,
the initial increase in Pc, was associated with a 25%
increase in CaBE, mainly due to alarge increase in diastolic
flow (Fig. 3). These increases were quickly (within 30-60 s)
followed by decreases in both Pcs and CaBF (Figs 2 and
5), demonstrating that, at least over this short time, blood
flows distal to the common carotid artery, including the
cerebral circulation, were pressure passive. Thus, following
cord clamping in the absence of ventilation, the cerebral
circulation was exposed to large and rapid changes in
flow caused by large changes in Pcy (Fig. 5). This may
increase the risk of cerebral haemorrhage, particularly in
preterm infants (<30 weeks) who are commonly unable to
maintain constant CaBF with changing systemic arterial
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Figure 5. Time course of changes in Vent 1st and Clamp 1st lambs

A-F, time course for changes in mean (£SEM) carotid arterial blood pressure (A), heart rate (B), carotid arterial
blood flow (C), pulmonary blood flow (D), ductus arteriosus (DA) blood flow (E) and right ventricular output (F)
from birth in Vent 1st (open circles) and Clamp 1st lambs (filled circles). The left dotted line (at time 0) indicates
the time of cord clamping in Clamp 1st lambs and the time of ventilation onset in Vent 1st lambs. The right dotted
line indicates the time of ventilation onset in Clamp 1st lambs and the time of cord clamping in Vent 1st lambs.
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pressures (Greisen, 2005; Soul et al. 2007). These rapid
changes in CaBF and arterial pressures associated with
cord clamping were minimised by ventilating lambs first
(Fig. 5).

In the absence of ventilation, the decrease in Pc, and
CaBF 90-120 s after cord clamping probably resulted from
a decrease in LVO caused by the loss of umbilical venous
return, which is the main source of LV preload in the fetus
(Rudolph, 1979). Although we were unable to estimate
LVO, because the degree and direction of shunting through
the foramen ovale was unknown, IVO must have been
reduced in Clamp 1stlambs. This is because PBF remained
low, heart rates were reduced and as RVO flow was reduced
but flow through the DA was not reversed (i.e. not left to
right), LVO must also have been reduced before ventilation
began (Figs 2 and 5). Immediately following ventilation
onset in Clamp 1st lambs, Pc, increased and CaBF almost
doubled within 120s, most probably because LVO had
increased, as previously described (Teitel et al. 1990).
The increase in LVO probably results from increased PBF,
which increases pulmonary venous return and LV preload
(Figs 4 and 5).

As the umbilical circulation receives 30-50% of
cardiac output, cord clamping before ventilation must
immediately reduce venous return (preload) to both
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ventricles by a similar degree. Combined with the
increased afterload caused by the increased systemic
arterial resistance, it is not surprising that both LVO and
RVO rapidly decreased after cord clamping. The effects
of the increased afterload were immediate, increasing Pca
within 1-4 heart beats (Figs 1 and 3), whereas the effects
of reduced venous return on preload appeared to take
longer, with the decrease in CaBF and Pc, becoming
evident by 60-120s (Figs 2 and 5). It is possible that a
baroreceptor-mediated response also contributed to the
reductions in heart rates and blood pressures. When the
cord was clamped before ventilation, it appeared that CaBF
and Pc, were beginning to stabilise by 120 s after clamping,
but they rapidly increased again with ventilation onset
(Fig. 5). This was undoubtedly due to the increase in PBF
associated with ventilation, resulting in an increase in LV
preload and LVO. Surprisingly RVO also rapidly increased
in Clamp 1st lambs following ventilation onset, despite
a simultaneous increase in afterload (Ppa; Fig. 4). This
may result from increased RV preload caused by left to
right shunting through the foramen ovale. Although it is
commonly believed that the foramen ovale closes when
left atrial pressure exceeds right atrial pressure after birth
(Dawes et al. 1955; Rudolph, 1979; Teitel et al. 1987), left
to right shunting through the foramen ovale is commonly
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Figure 6. Time course of changes in for the first 30 min after birth in Vent 1st and Clamp 1st lambs
A-D, time course for changes in mean (£SEM) carotid arterial blood flow (A), pulmonary blood flow (B), ductus
arteriosus (DA) blood flow (C) and right ventricular output (D) for the first 30 min after birth in Vent 1st (open

circles) and Clamp 1st lambs (filled circles).
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observed by Doppler ultrasound in human infants (Evans
& Kluckow, 1996).

The effects of commencing ventilation before cord
clamping on PBF and RVO persisted for up to 30 min
after birth (Fig 6). As the higher PBF did not result
from increased left to right flow through DA, it must
have resulted from the increase in RVO. This indicates
that LVO was also greater in Vent Ist than in Clamp
Ist lambs over this time, otherwise left to right shunting
through the DA would have been reduced or the flow
would have reverted to right to left, if RVO was much
greater than LVO. The reason for the persisting higher
RVO in Vent 1st lambs is unknown, but likely possibilities
include: (1) increased preload resulting from an increased
systemic venous return arising from a higher LVO, (2)
increased preload due to increased left to right shunting
through the foramen ovale and (3) better preserved myo-
cardial function in hearts not exposed to a transiently high
afterload.

Delayed cord clamping also increases RVO and reduces
the risk of low superior vena cava (SVC) flow states in
preterm infants within 48 h of birth (Meyer & Mildenhall,
2012; Sommers et al. 2012). This is potentially important
because low SVC flows are associated with intraventricular
haemorrhage (IVH) in preterm infants and worse neuro-
developmental outcomes at 3 years of age (Kluckow &
Evans, 2000, 2001; Hunt et al. 2004). Clinical trials have
shown that delayed cord occlusion reduces the incidence of
IVH in very low birth weight infants (Rabe et al. 2008) and
improves motor development at 7 months (Mercer et al.
2010). However, no attempt was made in those trials to
record time of first breath or to initiate ventilation before
cord clamping. We suggest that the benefits of delayed cord
clamping result from the improved cardiovascular stability
afforded by commencing ventilation before cord clamping
and not from delayed cord clamping per se. Unfortunately,
however, we did not assess cerebral haemorrhage in this
study.

Clinical trials examining the effects of delayed cord
clamping in preterm infants are continuing and many
cardiopulmonary benefits have already been reported
(Baenziger et al. 2007; Kugelman et al. 2007; Rabe et al.
2008; Mercer et al. 2010; Sommers et al. 2012; Takami et al.
2012). However, based on our findings, the mechanisms
for these improvements may not be due to increased
neonatal blood volumes as proposed, but due to a more
stable haemodynamic transition. Unfortunately, we did
not measure blood volumes before and after cord clamping
to determine whether blood volumes increased in Vent 1st
lambs. In infants, a delay of 30-45s can increase blood
volumes 8—24% (Narenda et al. 1998) whereas 3 min delays
can increase blood volumes by ~50% (Chaparro & Lutter,
2007). Although not statistically different, haemoglobin
levels tended to be higher in Vent 1st lambs at 30 min,
which may indicate increased fetal blood transfer. Lambs
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were placed at the mid-abdominal level of the ewe to mini-
mise blood transfer into the fetus, but it is unclear how
this would affect blood transfer, as the effects of gravity
are unclear. Further studies are warranted.

In conclusion, we have demonstrated that ventilation
prior to umbilical cord occlusion improved cardiovascular
function and stability during the immediate transition to
neonatal life after birth in preterm lambs. We showed
that the initiation of ventilation prior to cord clamping
mitigated most of the adverse cardiovascular responses to
cord clamping, indicating that the decrease in PVR prior to
cord clamping has a profound influence on cardiovascular
function after birth. We speculate that some of the benefits
of delayed cord clamping are due to the circulatory trans-
ition initiated by air breathing as opposed to an increase in
blood volume. In view of these findings, it is important that
the timing of ventilation onset is recorded in current trials
examining the benefits of delayed cord clamping and that
a Vent 1st strategy is further evaluated in an appropriately
designed trials.
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Translational perspective

Numerous clinical trials have indicated that delayed umbilical cord clamping improves neonatal
cardiovascular function, although it is commonly assumed that the benefits result from enhanced
placental to infant blood transfer. Indeed, delays of 30-45 s reportedly increase neonatal blood
volume by 8-24% (Narenda et al. 1998), whereas delays of up to 3 min can result in much larger
increases (Chaparro & Lutter 2007). The reported cardiovascular benefits in the neonate include
higher haematocrits, reduced blood transfusions, improved blood pressure and superior vena cava
flow, increased blood volumes, improved respiratory function, reduced incidence of necrotising
enterocolitis, reduced intraventricular haemorrhage and better cerebral oxygenation. However, there
is much debate as to the length of time after birth that umbilical cord clamping should be delayed.
This study provides new evidence to indicate a major benefit of delayed cord clamping is improved
cardiovascular stability during the fetal to neonatal transition. The increased stability results from
an increase in PBF before the cord is clamped and the umbilical venous contribution to LV proload
is lost. This allows PBF to immediately replace umbilical venous return as the primary source of LV
preload upon cord clamping. Thus, it is evident that the timing of delayed cord clamping should not
be determined by an arbitrarily defined period of time, but should be based on whether physiological
changes, such as the onset of pulmonary ventilation, have been established in the infant.
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