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Contr ists about the physiological mechanism(s) underlying decreases in cardiac output

after iMfmediate clamping of the umbilical cord at birth

N

To define these mechanisms, the four major determinants of ventricular output (afterload,

preloa@, h ate and contractility) were measured concurrently in fetal lambs at 15s intervals

d

ov period after cord clamping and before ventilation following delivery

After cor ping, right (but not left) ventricular output fell by 20% in the initial 30s, due to

M

inc load associated with higher arterial blood pressures, but both outputs then

halvedgover 45s, due to a falling heart rate and deteriorating ventricular contractility

[

accompanying rapid declines in arterial oxygenation to asphyxial levels

Ventri puts subsequently plateaued from 75-120s, associated with rebound rises in

ventri ractility accompanying asphyxia-induced surges in circulating catecholamines

n

Th i provide a physiological basis for the clinical recommendation that effective

{

ven uld occur within 60s afterimmediate cord clamping

AU
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Abstract

Controv“ about the physiological mechanism(s) underlying large decreases in cardiac

output afme clamping of the umbilical cord at birth. To define these mechanisms,

anaestheti fetal lambs (127(1)d, n=12) were instrumented with flow probes and
I I

catheters major central arteries, and a left ventricular (LV) micromanometer-conductance

catheter. Fallo immediate cord clamping at delivery, haemodynamics, LV and right ventricular
(RV) outpu contractility were measured at 15s intervals during a 2 minute non-ventilatory
period, w rtie blood gases and circulating catecholamine (noradrenaline and adrenaline)

concentratj sured at 30s intervals. After cord clamping, 1) RV (but not LV) output fell by 20%
i

inthe init e to areduced stroke volume associated with increased arterial blood pressures,
2) both omen halved over the next 45s, associated with falls in heart rate, arterial blood
pressures tricular contractility accompanying a rapid decline in arterial oxygenation to
asphyxial I@educed outputs subsequently plateaued from 75-120s, associated with rebound
risesin res and ventricular contractility accompanying exponential surges in circulating
catecholamine; ese findings are consistent with atime-dependent decline of ventricular outputs
after i rd clamping, which comprised 1) an initial, minor fall in RV output related to
altered Ioiding conditions, 2) ensuing large decreases in both LV and RV outputs related to the

combinati ycardiaand ventriculardysfunction duringemergence of an asphyxial state, and

3) subseqilization of reduced LV and RV outputs during ongoing asphyxia, supported by

cardiovfulatory effects of marked sympathoadrenal activation.

=

Keywordsjetus, immediate cord clamping, ventricular outputs,

eft ventricular contractility, circulating catecholamines,
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Introduction

C“presently exists about the physiological mechanism(s) underlying substantial

&
cord and thé onse
H

where chaSes in right ventricular (RV) output were measured during a two minute period of cord

clamping Uentilation in preterm fetal lambs (Bhatt et al., 2013), itis widely believed that
p

reduction

ac output evident in the interval between immediate clamping of the umbilical

of ventilation during the birth transition. Thus, based on findings from a study

cord clam uces large falls in both left ventricular (LV) and RV outputs, and that these falls

r
are entirew altered cardiac loading conditions which comprise an increased arterial blood

pressure a ased cardiac venous return that follow removal of the low resistance placental
circulation e fetal vascular circuit (Bhatt et al., 2014; Hooper et al., 2015a; Hooper et al.,
2015b; Kl ooper, 2015; Hooper et al., 2016; Hooper et al., 2019).

Ont hand, results of birth transition studies from our laboratory which measured RV
outputan ngaortic/aortictrunk (AoT) blood flow as asurrogate of LV output (Smolich etal.,
2015; et al.,, 2020) indicated that haemodynamic accompaniments of reductions in
ventricEs after immediate cord clamping and prior to ventilation changed with the

duration of cord clamping, suggesting that the aetiology of these reductions also changed overtime.
Thus, cord !amping initially produced rapid-onset but relatively minor fallsin AoT blood flow and RV
output, whi d have resulted from an abruptincrease in arterial blood pressures and decrease
invenousr owever, ensuingand largerfallsin AoTblood flow and RV output were associated
witha dﬂerial blood pressuresand a pronounced bradycardia, and thus more likely to be
related to a de erlf)ration of cardiac function accompanying a rapid arterial blood de-oxygenation

that reachﬁial levels by 45-60 seconds after cord clamping (Smolich et al., 2015; Smolich et

al., 2017; Smoli t al., 2020). Furthermore, this asphyxial state was associated with surges in
circulating trations of the catecholamines noradrenaline and adrenaline that were
exponeﬁed tofallinglevels of aorticoxygenation (Smolich et al., 2017), reflectinga marked
degree of sympathoadrenal activation (Cohen et al, 1982; Jensen & Berger, 1991). As

catecholamines exert potentinotropicand vasoconstrictor effects (Jones & Ritchie, 1978; Padbury et

Thisarticle is protected by copyright. All rights reserved.



al., 1987; Seri, 2001), it is likely that these surges contributed to reboundrises evident in ventricular

contractilii and iterial blood pressure (Smolich et al., 2017), with possible associated effects on

ventricular S.
As i , levels of ventricular output in the fetal circulation are dependent on four
I I

major det!minants, namely 1) preload (i.e. the degree of ventricular filling arising from venous
return, reflgictelliygin the levels of ventricular end-diastolic or mean atrial blood pressures, and
ventricular astolic volume), 2) afterload (i.e. the arterial load against which ventricular
ejection owlected in parameters such as mean arterial blood pressure and downstream

vascular rm, 3) heart rate and 4) ventricular contractility (Rudolph, 1985; Anderson, 1996).

Elucidatio nderlying physiological basis of changes in ventricular output after immediate

cord cIamg:fore requires concurrent assessment of all these determinants, which has not

been und previous studies (Bhatt et al., 2013; Smolich et al., 2015; Smolich et al., 2017;

Smolich em.

of this study was therefore to specifically test the hypothesis that changes in
ventricul s during atwo minute period of cord clamping after delivery at birth consisted of
three distinct temporal phases, namely 1) an initial circulatory re-organization phase, which
reflected ie direct physiological effects of umbilical cord clamping, 2) a subsequent depressant

phase asso ith manifestations of ventricular dysfunction and related to development of an

asphyxial s 3) an ensuing compensatory phase supported by the cardiovascular stimulatory

effects of fifarked asphyxia-related sympathoadrenal activation. Experiments were performed in

anaesthetized preterm fetal lambs subjected to immediate cord clamping after delivery, with
measurement of haemodynamics, LV and RV outputs and stroke volumes, LV pressure, LV volume

and LV contr at 15s intervals after cord clamping, as well as aortic blood gas status and

circulating naline and adrenaline concentrations at 30s intervals. LV contractility was
assesse dP/dt,..,, the maximal rate of rise of LV blood pressure (Stein et al., 1993), as well
as LV maximal chamber elastance (E..), a relatively load-independent index obtained from LV

pressure-volume (P-V) loops (Suga, 1990; Burkhoff et al., 2005).
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Methods

StHrmedto guidelines of the National Health and Medical Council of Australia and

he Murdoch Children's Research Institute Animal Ethics Committee (Project

ript is compliant with the ARRIVE guidelines for reporting of animal research

(Kilkenny SGI., 2010; Grundy, 2015).

Sur@]ration Studies were performed using 12 Border-Leicester cross ewes with one

singletona in pregnancies at a gestation of 127(1) days (mean(SD), term = 147 days), a time -
point whi sg@ssociated with a substantial degree of perinatal immaturity of both the
cardiovas@espiratow systems, with newborn lambs unable to survive without respiratory
support. The general features of the anaesthetic and monitoring procedures in ewes were as
previousl&escribed (Smolich et al., 2015; Smolich et al., 2017; Smolich et al., 2020). Briefly, ewes
were anae iget! with ani.m. injection of ketamine (5mg-kg™) and xylazine (0.1 mg-kg™), followed
by 4% isoflmnvered by mask. Afterintubation of the trachea with a cuffed endotracheal tube,
anaest was maintained with isoflurane (1-2%) and nitrous oxide (10-20%) delivered by
ventilatord Tenriched air, supplemented with an i.v. infusion of ketamine (1-1.5 mg-kg™*hr™?),
midazolam (0.1-0.15 mg-kg *-hr'') and fentanyl (2-2.5 pg-kg *-hr'). Transcutaneous oxygen saturation
(S,0,) wasﬂonitored continuously with a pulse-oximetry sensor applied to the ear or cheek. The
right com otid artery was cannulated for continuous monitoring of blood pressure and
regularblo alysis (ABL800, Radiometer, Copenhagen, Denmark), with ventilation of the ewe

targeted tcamfain arterial O, tension (P,0,) at 100-120 mmHg and CO, tension (P,co,) at 35-40

mmHg.

Thegas exposed via a midline laparotomy. With a twin pregnancy, 1) the position of
5

fetuses w ed by palpation, and 2) the presence and degree of any meconium staining
determj asmall uterine keyholeincision, usually over a hindlimb in a uterine horn. The fetus
that was most sible and with no or the leastamount of meconium staining was then chosen for

surgical preparation. Before any surgery on this fetus, the otherfetus was completely delivered from

Thisarticle is protected by copyright. All rights reserved.



the uterus and euthanized with an intracardiac injection of sodium pentobarbitone (100 mg-kg™)

after the uFbiIicabcord had been clamped and cut.
The fetus undergoing surgical preparation was exteriorized via a hysterectomy and

placed in a Salinc-fillcd glove to prevent loss of lung liquid. The neck was incised in the midline and a
I

fluid-filled Stheter passed into the superior vena cava via the left external jugular vein for fluid and

drug admmn. The left common carotid artery was cannulated with /) a 6-Fr self-sealing

vascular sh t was passed into the distal portion of the brachiocephalic trunk (BCT) for pressure

measuremwblood sampling, and 2) a 3.5-Fr micromanometer (model SPR-524, Millar

Instrume nﬁon, TX, USA) that was positioned in the AoT to obtain high-fidelity blood pressure.

The left fogehi d thorax were exteriorized and a left thoracotomy performed in the 3" interspace,

with accesg\eart and major central arteries increased by resection of the third and fourth ribs.

Following dissection, non-constrictive perivascular transit-time flow probes (Transonic
Systems, Itha , USA) were placed around the BCT (4 or 6 mm), aortic isthmus (AI, 6 mm),
ductus or 10 mm) and left pulmonary artery (PA, 4 or 6 mm) in all animals. To measure

pressures, /) a fmig-filled catheter and another 3.5-Fr micromanometer were inserted via purse-string

sutures onary trunk (PT), and 2) a fluid-filled catheter was inserted into the left atrial

(LA) appeidage i all fetuses, and into an accessible right atrial (RA) appendage in a subgroup of 3

fetuses. S ly, a dual-field, multi-segment 3-Fr conductance-micromanometer catheter (model
SPR-877, w@ truments) was inserted into the carotid artery sheath and advanced across the
aortic valve in high-fidelity LV P-V signals. Correct placement of the conductance catheter
was in the presence of in-phase segmental volume waveforms and square-like
counterH/hoIe—chamber P-V loops. Finally, a clamped 4.5 mm endotracheal tube filled with
normal sah@seﬂed via a tracheostomy into a proximal intercartilaginous space and tied into

place.

Ex tal protocol Following removal of the glove from the fetal head, the endotracheal
tube was unclamped to allow lung liquid to drain passively via gravity for 20-30s, and then re-

clamped, taking care to ensure that the endotracheal tube remained entirely filled with fluid and that

Thisarticle is protected by copyright. All rights reserved.



no air bubbles entered the lungs. While physiological data were continuously recorded onto

computer,ietal WT blood samples were withdrawn for measurement of blood resistivity (Rho
calibration e, Millar Instruments) and gas analysis (ABL800, Radiometer) in all fetuses, and
catecholar& asubgroup of 8 fetuses. Approximately 0.5 ml of hypertonic(10%) saline was
then infect@d™igmthe LA catheter for estimation of parallel conductance, i.e. the offset in the

conductanhter signal related to conductivity arising from structures surrounding the blood

pool in thallV cavity (Baan et al., 1984; Steendijk et al., 2001).

Subsequently, fetuses (6 male and 6 female) were completely delivered from the uterus,

$C

placed on =s abdomen and covered with warmed towels, taking care to avoid tension on the
umbilical samples were again collected ~30s later for blood gas and catecholamine
analyses. milical cord was then clamped and cut, with recording of physiological data
continued od of 120s post-cord clamping, after which lambs proceeded into various other

protocols mﬂved immediate ventilation, or ongoing periods of cord clamping prior to

ventilati mples were collected at 30, 60 and 90s after cord clamping for blood gas and
catecholamine yses (n=8), or for blood gas analysis only (n = 4). Euthanasiawas performed with
i.v.sod

rbitone (100mg-kg™) in ewes after cord clamping, and in lambs after completion

of study protocols, with lambs then weighed (4.16(0.47) kg).

L

Physij | data AoT, PT, LA and RA fluid-filled catheter pressures were measured with
transducer ed againstawater manometerbefore each study and referenced to atmospheric
pressurﬂ. Instantaneous high-fidelity LV pressure and volume signals were obtained from
the micromanomiter-conductance catheter via an interfacing P-V signal processing system (MV
Ultra, Millar Instruments). Signals from fluid-filled, micromanometer and conductance catheters, as
well as floﬁ, were digitized at a sampling rate of 1 kHz and displayed using programmable
acquisition lysis software (Spike2, Cambridge Electronic Design, Cambridge, UK). A 48 Hz
Iow—pasi applied to digitized data at the time of analysis to remove any 50 Hz mains

electrical interference.
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Steady-state fetal data before and after delivery were analyzed overaperiod of ~20s. As rapid
haemodynamic changes occur following immediate cord clamping after delivery (Smolich et al.,
2015; Smoli l., 2017; Smolich et al., 2020), data during the 120s period of cord clamping were
analyzed i&s at 15s intervals. Ensemble-averaged signals were generated from these data
for subSqHeRtanalysis.

Duripg d analysis, mean AoT and PT micromanometer pressures were matched to
correspon n fluid-filled catheter pressures. LV pressure was subsequently matched to AoT

microman er Pressure overaperiod in mid-to-late systole where both LV and AoT differentials

S

were near olichetal., 2021). LV pressure was then measured at end-diastole, identified at

U

the foot of roke in the LV pressure waveform using an automated curvature-based feature

extraction m (Mynard et al.,, 2008), with LV end-diastolic volume obtained from the

n

correspon -pointin the LV volume signal (Smolich et al., 2021).

d

AoT . LV output minus coronary blood flow) was obtained as the sum of flows in the
BCT, th major cephalicbranch of the AoT in sheep (Sizarov et al., 2014), and the Al (Smolich et

al., 2015; et al., 2020). RV output was calculated as the sum of ductal and total (i.e. the

M

combined leftandright) PAflows, with the latter computed as the product of measured left PA flow

and the po8t-mortem total-to-left lung weight ratio (Smolich et al., 2015; Smolich et al., 2020). AoT

[

and RV strbmes were derived as the corresponding flow or output divided by heart rate.

To assess alterations in ventricular contractility, the rates of change of high fidelity LV, AoT
and PT pr@ssures were calculated using 3-point differentiation to obtain their corresponding
dP/dtmaM and PT dP/dt... used as surrogate measures of LV and RV contractility

respectivmtani et al., 2009; Morimont et al., 2012; Smolich et al., 2017). As dP/dt,.., can be

influence t rate and cardiac loading conditions (Broughton & Korner, 1980; Fisher & Gross,

1983; rcia et al., 2018), LV, AoT and PT dP/dt..., were normalized to heart rate, while LV

and AoT dP/dt ere also normalized to LV end-diastolic volume (Smolich et al., 2021).
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The relationship between mean LA and RA blood pressures in fetal lambs is highly linear with

a slope of gear-unjty (Thornburg & Morton, 1986; Morton et al., 1987; Smolich & Mynard, 2019). As
a similar fipgdiag was confirmed in the present study using 30 data-points from the three
experime th mean LA (X) and RA blood pressure (Y) were measured, withY=1.1X-0.4

(R*=0.84, PE§98), the latter relationship was used to estimate mean RA blood pressurein studies

where onlhsure was available.

AoT tent before and after cord clamping was computed as (1.36:S,0,-Hb/100) +

0.003-Paozwm = haemoglobin concentration (g/dl).

Systemlcv5ularresistance Vascularresistance (VR) of the fetal upper body region, which is

perfused almost exclusively by LV output, and from where blood returning via the superior vena

cava passe! almost entirely to the right atrium and ventricle (Rudolph, 1985), was calculated as

(mean AoT, -mean RA pressure) / BCT flow. On the basis that mean blood pressures in the
ascending ending aorta of the fetus are almost identical (Rudolph, 1985), and that venous
return € lower body and placenta passes not only into the right atrium, but also the left
atriumvi amen ovale (Rudolph, 1976), the combined lower fetal body and placental VR was

estimated as [mean AoT pressure — (0.5-RA pressure + 0.5-LA pressure)] / DTA flow, where DTA
(descendir!thoracicaortic) flow was obtained as the sum of Al and ductal flows (Smolich & Mynard,

2019).

Left ventricular pressure-volume analysis LV volume was computed from the conductance
catheter si@nal using standard methodology incorporating estimates of blood resistivity, parallel
conductMain constant (Baan et al., 1984; Baan & Van der Velde, 1988; Steendijk et al.,
2001; Wo - 9). The gain constant was calculated as the ratio of conductance catheter and
AoT flow- troke volumes under steady-state conditions, both beforeand afterfetal delivery,
with thq:ary value also used throughout the period of cord clamping. LV output before and
after cord cla g was calculated as the product of LV stroke volume derived from the
conductance catheter, and heartrate. Note that LV output and AoT flow were thus equivalent under

steady-state conditions before cord clamping, but not during the period of cord clamping, as
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changesin LV outputthenincluded alterationsin coronary artery blood flow, whereas AoT flow did

not. I '

LV e @ was calculated as the P-V ratio of ensemble-averaged P-V loops, with maximal
elastance (Emax), WNICH occurs at end-systole, used as an index of LV contractility (Suga, 1990). Note
I I

that assesSent of LV contractility via P-V analysis is usually performed by generation of an end-

systolic P-\igiel nship obtained from a series of P-V loops during a transient change in LV load

C

produced tervention such as a brief (e.g. 10-15s) occlusion of the inferior vena cava or

descendingaqglfta, With end-systolicelastance determined from the slope of this relationship (Baan

3

et al., 1984; Van der Velde, 1988; Suga, 1990; Burkhoff et al., 2005; Smolich et al., 2021).

U

However, thi oach was clearly not possible during the very rapid haemodynamic changes

occurring clamping. The reported E,., was thus equivalent to LV end-systolic elastance

n

estimated ngle-beat approach (Wo et al., 2019) where the volume intercept of the end-

systolicP-¥ire (i.e. Vy) in fetal lambs was assumed to be zero, an assumption consistent with

al

availab ntal data (Smolich et al., 2021).

C ine analysis Blood samples for catecholamine assay were immediately transferred

Vi

into ice-chilled tubes containing an anticoagulant and antioxidant mixture (EGTA plus reduced

glutathion@). Withdrawn blood was replaced with an equal volume of heparinized fetal blood

£

deliveredyv, usion pump. Tubes were keptonice until centrifugation at 4°C, with plasma then

O

stored at - til assay. During batch assay, endogenous noradrenaline and adrenaline were

extracted fiflom 1 ml plasma samples using alumina adsorption and separated by high performance

i

Li

liguid chromatography, with quantitation of peaks using coulometric detection (Lambert &

Jonsdottir, molich et al., 2017; Smolich et al., 2019).

Stat alysis Arterial blood gas, general haemodynamic and catecholamine data from

threeo nimalsinthe study group have been included in a previous publication (Smolich et

A

al., 2017). Stu ults were analyzed using GraphPad Prism 8 (GraphPad Software Inc., La Jolla,
CA), preceded by logarithmic transformation of data with a non-normal distribution. Temporal

changesinvariables were analyzed using repeated measures one-way analysis of variance (ANOVA)
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and specificcomparisons evaluated by partitioning the within-animal sum of squares into individual
degrees ofireedoiu with a Bonferroni correction applied as required for multiple comparisons. Post-
cord clampi between sites wereanalyzed with two-way repeated measures ANOVA. Data are
expressedm) and significance was taken at P <0.05.

Resultg™
BIoo&Minor falls in pH, S,0,, P,0, and O, content, and a slight rise in P,co,, occurred
following @eliv (P < 0.013), but after cord clamping, such changes became much more

pronouncm.oom), with asphyxial levels of oxygenation (S,0, <10% and P,0, <10 mmHg)
260s (Ta

evident at 260s (Table 1).

Plasjholamines Circulating concentrations of noradrenaline rose 47% and adrenaline
almost 3-ff witE delivery (P £0.002). Catecholamine concentrations were progressively higher at
longertime-intervals after cord clamping, with noradrenaline increasing 17-fold and adrenaline 98-

fold by 905@01; Table 2). Moreover, clear exponential relationships were evident between a

decreasi ontent and increasing concentrations of circulating noradrenalineand adrenaline
(Fig. 1).

Pressures and heart rate Fetal AoT and PT mean blood pressures increased by 5.8(5.2) mmHg
with deIi\&¥ ‘P = 0.012), and a further 9.6(5.9) mmHg (to 57.5(9.0) mmHg) by 15s after cord
clamping ( 1). These pressures were stable in the initial 30s after cord clamping, but then
declined t 2.5) mmHg by 75s (P < 0.0001), before rising to 60.7(6.6) mmHg by 120s (P <

0.0001), a ¢alue not different from the initial post-cord clamp level (P =0.217, Fig. 2A).

\AM, atrial pressures fell from 2.1(1.9) to 0.6(1.2) mmHg (P = 0.008), but LV end-
diastolic pressu5was unchanged (P = 0.609, average 4.3(3.1) mmHg). Neither atrial nor LV end-

diastolic pressures.changed significantly by 15s after cord clamping (P 2 0.460), and were relatively

stable s. However, atrial pressures then rose progressively to 2.9(2.2) mmHg (P < 0.0001)

and LV end-diastofic pressure increased to 7.4(3.4) mmHg (P <0.0001) by 120s (Fig. 2B).

Heart rate rose from 143(18) to 155(16) beats/min with delivery (P = 0.004), and was
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unchanged for30s aftercord clamping, butthen fell toa stable plateau of 117(13) beats/min at >75s
(P<o.oooil- Fig. 29.

379(120) t0™4
H

0.036) and@oT bIood flow increased from 383(122) to 439(137) ml/min (P =0.016). LV output was

ml/min (P = 0.021), RV output rose from 728(199) to 821(183) ml/min (P =

unchangedgfter cord clamping (423(179) ml/min, P = 0.754) and remained stable to 30s, but

then fell b < 0.0001) to a plateau of 232(88) ml/min at >75s. On the other hand, AoT blood

flow fell 16% 7(124) ml/min by 15s after cord clamping (P = 0.006), was unaltered at 30s, and

SGI

then fell ively by another 75% to 91(61) ml/min at 120s (P < 0.0001). AoT flow comprised
83-87% omut from 15-45s after cord clamping, but divergence increased with longer
durations glamping (2-way ANOVA, time x flow, P < 0.0001) so that, by 120s after cord
clamping, constituted only 36% of LV output (P = 0.0005). Unlike LV output, RV output

declined by 19% 5s aftercord clamping (to 668(147) ml/min, P =0.0001), but like LV output, was

3

then u 30s before falling by a further 51% to a plateau of 325(51) ml/min at 275s (P <

0.0001, Fig. 3

\7

Stroke volumes LV, RV and AoT stroke volumes were unaltered with delivery (P > 0.197). At

15s after c@rd clamping, LV stroke volume was unchanged but AoT stroke volume fell by 15% (P =

g

0.002) and e volume decreased by 17% (P = 0.0003), with all stroke volumes then stable to

Q

30s. Howe LV and RV stroke volume then steadily declined to a plateau at 275 s (P <£0.001),

while AoT gtroke volume decreased progressively to 120s (P < 0.0001, Fig. 3B).

h

ularresistance Priorto cord clamping, upper body VR was more than 3-fold that

{

of lower b placental VR (P <0.0001), with neither VR affected by delivery. Upper body VR
was uncha 5s after cord clamping, and was initially similartolowerbody VR. Subsequently,
bothu lowerbody VR remained stable to 75s, but then increased to 120s (P <0.0003), with

therise progre ly greater in the lower body region (2-way ANOVA, time x flow, P <0.0001, Fig.
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dP/dt.« With delivery, LV dP/dt. increased 19% (P = 0.004), but AoT and PT dP/dt .. were
unaltered. However, while LV, AoT and PT dP/dt.., did not change statistically at 15s after cord
clampinga stable to 30s, these variables then fell progressively to reach a nadir by 75s (P <
0.0001). Amthen rose (P < 0.0001), with LV and AoT dP/dt.., at 120s not statistically
differeft fAOMTERE5s values, while PTdP/dt.., was 21% lower (P=0.0006, Fig.5A). Furthermore, 1)
the patter esinLV, AoTand PT dP/dt.., were similarafter normalization to heart rate (Fig.
5B), 2) chafiges indpatterns of LV and AoT dP/dt.., were not altered after normalization to LV end-

diastolic vmig. 5C), 3) LV dP/dt. (X) and AoT dP/dt.... (Y) were closely related after cord

clamping ( - 42, R = 0.89, P <0.0001) and 4) AoT dP/dt.s (X) and PT dP/dt, (Y) were also

related after cord@lamping (Y =0.85X - 47, R?=0.71, P <0.0001).

Ll

Left arpressure-volume data The size and shape of LV P-V loops were similar before

|

and after , but changed rapidly and appreciably after cord clamping, with relatively minor

d

alterationsiin .@ st 30s, followed by a noticeable decrease in P-V loop rectilinearity (particularly
during f isovolumic relaxation) and area to 75s, and then an ensuing increase in these

features to 12 g. 6).

Vi

LV end-diastolic volume tended to rise with delivery (from 4.5(1.5) to 5.1(1.2) ml, P =0.131),

and then @mained unchanged throughout the period of cord clamping (Fig. 7A). LV E,..x was

[

unaltered ery or 15s after cord clamping (P =0.397, average 23.7(11.6) mmHg/ml), and was

¢

initially sta s, but then decreased to 14.1(8.3) mmHg/ml at 75s (P = 0.0002), before rising to

21.9(11.2) g/ml by 120s (P = 0.002; Fig. 7B), a value notdifferent from the 15s post-cord clamp

level (

{

a) mBisenssion

U

This stud ich has evaluated the characteristics and physiological basis of changes in

ventric uts within a two minute non-ventilatory period following delivery and immediate

A~

cord clampingin preterm fetal lambs, has produced four main findings. First, both LV and RV outputs

increased with delivery, primarily related to a rise in heart rate. Second, in association with an
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increase in arterial blood pressure occurringimmediately after cord clamping, RV output decreased
by ~20% due to agreduction in stroke volume, but LV output was unchanged. Third, LV and RV
outputs we intained in the initial 30s after cord clamping, but while arterial oxygenation
decreasedmphyxial levels and arterial blood pressures declined, both these outputs then
approxihatel hatved over the next 45s, in association with falls in heart rate and ventricular
contractilih/, reductionsin LV and RV outputs then plateaued from 75-120s, accompanied by
exponentidl surggs in concentrations of circulating noradrenaline and adrenaline, a rebound in
ventricular, ility, a recovery of arterial blood pressures and an increase in ventricular filling
pressures.w\dings are consistent with a time-dependent response of ventricular outputs to
immediate cord cl[@mping after delivery that comprised 1) an initial and minor fall in RV (but not LV)

output relzﬁered loading conditions, 2) ensuing large decreases in both LV and RV outputs

duringem fan established asphyxial state, related to the combination of bradycardia and a

deterioratmtricular contractile function, and 3) a subsequent stabilization of these reduced

levels of LV&Nn output during ongoing asphyxia, supported by the cardiovascular stimulatory
effects 0 ked sympathoadrenal activation.
Th the present study were in accord with prior findings indicating that complete

delivery of fetal lambs was accompanied by increased concentrations of circulating catecholamines
(Padbury hl; Smolich et al., 2017; Smolich et al., 2019), as well as rises in resting heart rate
and bIoods (Smolich et al., 2017; Smolich et al., 2019). Moreover, as ventricular stroke
volumesdi nge, elevationsin LV and RV outputs at delivery (Fig. 3) were primarily related to
anincr i t rate, a potent determinant of fetal cardiac output (Rudolph & Heymann, 1976;
Anderswﬂ. However, afallinatrial blood pressures (Fig. 2B) and a trend to an increased
LV end-diastolicv@lume evident with fetal delivery (Fig. 7A) may be indicative of an additional effect

arising from a diminution of external cardiac constraint (Smolich et al., 2021), related to removal of

niotic fluid and maternal abdominal pressures (Grant et al., 1992; Grant, 1999).

Given an accompanying lack of changes in heart rate (Fig. 2C), LV end-diastolic and atrial

pressures (Fig. 2B), LV contractility (Figs. 5 & 7B) and upper body VR (Fig. 4), the initial stepwise

Thisarticle is protected by copyright. All rights reserved.



increase in mean arterial blood pressures evident with cord clamping (Fig. 2A) was primarily

attributabli toa Tchanical effect directly linked to an abrupt loss of the low resistance placental

circulation the vascular circuit (Smolich et al.,, 2016). In conjunction with any active
secretion/ techolamines from the adrenal medulla or other sympathetically-innervated
fetal tiSSuSS™ ™ ikely that removal of the placenta also underlie the initial rise in circulating
concentra noradrenaline and adrenaline after cord clamping (Table 2). Thus, plasma

concentratfons offtatecholamines are dependent on the balance between their entry into and
clearancef, circulation (Esleretal., 1990), so cord clamping would be expected to raise these
concentratma combination of 1) reduced size of the vascular compartment into which fetal
catecholamine re!Sase occurred, and 2) loss of the placenta, a majorsite of catecholamine clearance

(Jones, 198 ich et al., 1996; Smolich & Esler, 1999). Indeed, study of noradrenaline and

adrenalineMsinetics during the birth transitionin chronically-instrumented fetal lambs suggested that
these twomarising from removal of the placenta accounted for almost half of the rise in

circulating amine concentrations evident after birth (Smolich et al., 1996).

Contrary e presumption that umbilical cord clamping affects LV and RV outputs similarly
(Bhatt Hooper et al., 2015a; Hooper et al., 2015b; Kluckow & Hooper, 2015; Hooper et
al., 2016; Hooperet al., 2019), our study results pointed to a clear difference in the initial response
of theseo such clamping. Thus, RV output decreased by ~20% with cord clamping (Fig. 3A),
with the ac @ ing rise in PT blood pressure but unaltered mean RA pressure (Fig. 2) implying
that increa afterload was the predominant factor underlying this decrease, with no
substanti ttributable to a reduced RV preload occurring secondary to loss of umbilical
venous“s proposition was in accord with 1) a pronounced sensitivity of the fetal right
ventricle t@w afterload, with incremental increases in mean PT blood pressure producing
striking linear reductions of RV output (Thornburg & Morton, 1983, 1986; Reller et al., 1987;

Kamito

,..@ , 1992; Reller et al., 1992) and 2) the recent conclusion that cardiac preload was not
reduced followingtomplete occlusion of the umbilical cord in chronically-instrumented fetal lambs

(Lear et al., 2021).
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In contrast to a fall in RV output, LV output was initially unchanged after cord clamping, a
findingthiwas ns unexpected foratleastthree reasons. First, the left ventricle is less sensitive to
increases i oad than the right ventricle, with LV output displaying either a lesser reduction
(Reller et m no significant change (Thornburg & Morton, 1986; Kamitomo et al., 1992)
during e FEHBASTA mean arterial blood pressure. Second, arise in blood pressure associated with
cord cIamhases ventricular pressure work, a potent stimulus for elevations in fetal coronary
blood flowi(Relleget al., 1992), which is derived entirely from LV output. Third, cord clamping may
be accomp an initial rise in PA blood flow (Smolich et al., 2015), and therefore pulmonary
venous retmc/h would offsetareductionin LV filling arising from any fall in foramen ovale flow
secondaryEf umbilical venous return. Note that the lack of significant changesin LV end-
diastolican LA pressure (Fig. 2B), aswell as LV end-diastolicvolume (Fig. 7A), at the first (15s)

time-poin mediate cord clamping suggested that this intervention also did not reduce LV

preload. m
ur main hypothesis, study data after cord clamping were consistent with changes
in ventricular ts having three distinct phases during an ensuing two minute non-ventilatory

period. phase, which lasted for ~30s after cord clamping, the stability of ventricular

outputs (F i 3A), as well as heartrate (Fig. 2C), arterial/atrial/LV end-diastolicblood pressures (Figs.

2A &B), u er body VR (Fig. 4) and measures of ventricular contractility (Figs. 5 & 7B),
suggested phase primarily reflected a continuation of the mechanical effects of cord
clamping p is important to note, however, that levels of oxygenation were falling and
concen irculating catecholamines increasing in this period (Tables 1 & 2). Nonetheless,

L

average catecholamine concentrations of ~2,600 pmol/l for noradrenaline and ~940
pmol/l for adrendline at the end of this phase (Table 2) were still below the thresholds of ~3,600-

4,700 pmol/lIforngradrenaline and ~2,700-4,400 pmol/I for adrenaline required to produce risesin

: 4@ d pressures and cardiac contractility in preterm fetal lambs (Padbury et al., 1987).

In the second phase, evident between ~45-75s after cord clamping, changes in cardiovascular

variables increasingly reflected the effects of a supervening asphyxial state, with progressive and
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large (~50%) falls in LV and RV outputs (Fig. 3A) that were accompanied by the emergence of a
pronounced bradygardia (Fig. 2C), declining arterial blood pressures (Fig. 2A), decreases in LV E.,
(Fig.7B) an terial dP/dt.. (Fig. 5), but a relatively stable upper/lower body VR (Fig. 4). Taken
together, ggested that these large falls in LV and RV outputs primarily had a cardiac
origin, hd"aroseffom a combination of bradycardia and a deterioration in ventricular contractility
(i.e. ventrih{unction). Bradycardiais awell-recognized accompaniment of fetal asphyxia and
arisesfro arked parasympathetic activation mediated via the peripheral chemoreceptor reflex

(Galinsky mm; Lear et al., 2016b; Lear et al., 2020b). It is likely that this parasympathetic
h

activation, yocardial actions of vagal stimulation (Degeest et al., 1965), as well as the direct
myocardial effect§ of decreased tissue oxygenation (Allen & Orchard, 1987), contributed to an
observedd ventricular contractility. Note that declinesin LV and arterial dP/dt,.., during this

phase (Fig re not simply due to bradycardia, as similar patterns were also present after

FIU

normalizi P/dt,.. to heart rate (Fig. 5B).

a

ond phase, average circulating concentrations of noradrenaline (~8,600 pmol/I)

and adrenalin ,500 pmol/l; Table 2) were 2 to 3-fold higher than concentrations required to

increas nd arterial blood pressuresin normoxaemic preterm fetallambs (Padbury et al.,

1987). That heart rate and arterial blood pressures did notincrease during this phase may have been

1

related to ors. First, it is likely that the stimulatory actions of elevated concentrations of

circulating dlamines were countered by the parasympatheticactivation occurring during fetal

asphyxia ( et al., 2014; Lear et al., 2020d). Second, asphyxia appears to inhibit the

1

chrono pressor actions of circulating catecholamines in the immature circulation,

[

particul resence of acidaemia (Preziosi et al., 1993).

3

In the third ##hase, evident during the ongoing asphyxial state present beyond ~75s after
immediate mping, a stabilization of markedly reduced levels of LV and RV output (Fig. 3A)

was acco d by increases in arterial blood pressures (Fig. 2A), LV/arterial dP/dt,.., Fig. 5), LV

A

Emax (Fig. 7B), atrial/LV end-diastolic pressures (Fig. 2B) and upper/lower body VR (Fig. 4), as well as

extremely high concentrations of circulating catecholamines (Table 2). These changes were
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suggestive of an activation of at least three cardiovascular support mechanisms. Thus, consistent
with rises F LV/aieriaI dP/dt..« and LV E,..,, the first was an increase in LV contractility that was
most likely g to the stimulatory effects of circulating catecholamines (Padbury et al., 1987) and
activation miac sympathetic nervous system (Eisenhofer et al., 1992). The second was
increas® FETIPReral vasoconstriction, suggested by a rise in arterial blood pressures and systemic
VR, that hly arose from a generalized sympathetic activation and very high levels of

circulatingficatech@lamines (Galinsky et al., 2014), as well as asphyxia-induced rises in other

circulating fac uch as angiotensin I, arginine vasopressin and neuropeptide Y (Jensen & Lang,

SC

1992; Gius , 2016; Lear et al., 2020c). Interestingly, the rise in lower body VR was more

pronounced thanfupper body VR in this phase (Fig 4), which was consistent with activation of

Gl

mechanism ed towards preservation of cerebral perfusion during fetal asphyxia (Jensen &

1

Hanson, 1 third mechanism, suggested by risesin atrial and LV end-diastolic pressures (Fig

2B), wasa entof ventricular preload reserve to sustain ventricular output (Ross, 1976). Note

d

that rises in%h pressures, which accord with the prior finding that LA blood pressure increased
during yxia (Adamson et al., 1970), were accompanied by marked alterations in the shape

and po the isovolumic relaxation limb of P-V loops (Fig. 6), implying that impaired LV

A

relaxation duringthe asphyxial period after cord clamping was a major factor contributing to these

pressure ri | etal.,1993). Surprisingly, however, LV end-diastolicvolume was not increased,

3

whereas dj occurs in the adult heart with impairment of myocardial oxygen availability

O

(McCans & , 1973). One possible explanation for the difference is that increasesin LV end-

diastolicv@lume were limited because of the substantial external constraint exerted on the heart by

g

the fluid-filled lungs in the fetus (Grant, 1999; Smolich et al., 2021).

{

While our evaluation of mechanisms underlying fallsin ventricular output afterimmediate cord

clamping at delivery mainly focused on the left ventricle, it is likely that similar mechanisms

e right ventricle, given that 1) changes in PT dP/dt,. correlated with those of AoT
dP/dt,..,, whichi rn mirrored the pattern of alterations in LV dP/dt,.., (Figs. 5A & B) and E,., (Fig.
7B), and 2) changes in AoT and PT blood pressures were similar, as were those of LA and RA blood

pressures (Figs. 2A & B). However, our finding that, by 120s after cord clamping, LV and AoT dP/dt,..,
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had returnedtotheirinitial post-cord clamp values, whereas PT dP/dt ., was ~20% lower (Fig. 5A),

impliesthi rebowd increases in contractility with ongoing asphyxiawere greaterinthe LV than RV.

A not m finding of our study was that changesin LV output and AoT blood flow did not

ercord clamping, butinstead progressively diverged following development
of an asphSiaI state (Fig. 3A). This divergence can be explained on the basis of coronary blood flow
changes whigh aBeompany fetal asphyxia. Thus, in the normoxaemic state, the difference between

Ublood flow is relatively small, as coronary blood flow in fetal lambs constitutes

LV output

<10% of LMbugput Rudolph 1985). However, fetal coronary blood flow increases progressively with
fallsinart enation, culminating in approximately a 4-fold increment at asphyxial levels of
oxygenaUmrs et al., 1979; Jensen & Lang, 1992; Jensen & Hanson, 1995). As changes in
coronary m after cord clamping were included in conductance catheter measurements of LV

output, flow-probe estimates of AoT blood flow, AoT blood flow therefore

underestl at e LV output to a progressively greater degree as the duration of cord clamping

length
imitation of our study was that the nature and extent of the implanted

instrumentation (i.e. four flow probes, two rigid micromanometer catheters and one stiff combined
conductan -micromanometer catheter), as well as the frequency of required arterial blood

sampling, Dated acute instrumentation and an experimental protocol performed under

general However, resting baseline blood gas variables, haemodynamics and

catecholanfithe concentrations in our preparation were similar to those of unanaesthetized,

chronically-instrumented pre-term fetal lambs (Padbury et al., 1987; Cheung & Brace, 1988; Hunter

et al., 2003; Wassink et al., 2007; Crossley et al., 2009; Bhatt et al., 2013; Galinsky et al., 2014).

Furthermor attern of changes in arterial blood gases and catecholamine concentrations
observed wij in period of in utero asphyxiaalso resembled those of chronically-instrumented
fetal lam en & Lang, 1992; Jensen & Hanson, 1995; Galinsky et al., 2014; Lear et al., 2020a).

Differences appearedto be present, however, in the temporal pattern of changes in heart rate

and arterial blood pressure seen after cord clamping, compared to inflation of an umbilical cord
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balloon occluder in chronically-instrumented fetal lambs. Thus, in our study, immediate cord
clamping riultedi\' 1) arelatively delayed fall in heart rate and 2) a rapid initial and large increase
in arterial b ressure that was followed by a fall and then a subsequent rise in blood pressure
(Fig, 2). Had occlusion via a balloon occluder in chronically-instrumented fetuses was
accompIni@a BV a brisk fall in heart rate, e.g. Fig. 1in (Lear et al., 2021) and Fig. 3in (Lear et al.,

2016a), buhitial rapid and small rise in arterial blood pressure, followed by a more gradual

and largerfincreas€ in this pressure, e.g. Fig. 1in (Lear et al., 2021) and Fig. 1in (Lear et al., 2020b).

C

At presentgti learto what extent these differences wererelated to factors such as 1) effects of

S

acute surgi r@aration undergeneral anaesthesia, 2) an in utero versus ex utero location of the

fetus (Sobotkaet dh, 2014), or 3) abrupt clamping of the cord (which will occlude umbilical veins and

Ul

arteriessim usly), versus arelatively slower inflation of a balloon occluder with fluid (which

1

will occlud ssure umbilical veins priorto umbilical arteries). It is noteworthy, however, that

the patter rate and blood pressure changesin ourstudy with 2 minutes of immediate cord

d

clamping e e similar to those reported by Bhatt et al (Bhatt et al., 2013), where fetal lambs

were ch -instrumented 3 days before the birth transition.

M

Ta nction with our previous findings (Smolich et al., 2015; Smolich et al., 2017,

Smolich et al., 2020), the experimental results of the present study do not support a widely-

I

promoted , pased solely on measurement of RV output and mean arterial blood pressure in

pretermla ttet al., 2013), without any assessment of LV output, ventricular contractility or

atrial/ventrj Iling pressures, that large falls in both LV and RV outputs during a two-minute

interva i diate cord clamping at delivery can be entirely accounted for by an increase in

n

1

ventric d and a decrease in ventricular preload (Bhatt et al., 2014; Hooper et al., 2015a;

Hooper et a b; Kluckow & Hooper, 2015; Hooper et al., 2016; Hooper et al., 2019). Instead,

¥

our data suggested that 1) the contribution of altered cardiac loading conditions was confined to a

(~20%) reductionin RV (but not LV) output evident within the initial 30s after cord
clamping, and 2) tMis reduction in RV output was primarily related to a stepwise increase in PT blood
pressure (and thus RV afterload) associated with cord clamping, without any appreciable

contribution from a diminution in RV preload. Furthermore, the main factor contributing to large
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fallsin LV and RV output afterimmediate cord clamping was not altered cardiac loading conditions,
but the c$binaio' n of a profound bradycardia and a decline in ventricular contractility that
accompani id emergence of an asphyxial state within 45-60s after cord clamping. A subsequent
stabilizati reduced levels of LV and RV output occurred against a background of
exponeftidPrsesti concentrations of circulating catecholamines that were accompanied by rebound

increases ihl blood pressures and ventricular contractility.

Two i inical implications arose from our study. First, in conjunction with prior
observaticwl) AoT S,0, fell linearly at a rate of ~1.3%/s and P,o0, at a rate of ~0.3 mmHg/s

after immﬁrd clamping prior to ventilation (Smolich et al., 2015), and 2) reductions in

cerebral o n measured with near-infrared spectroscopy were detectable within 5s after

aftercord .Second, arapid decline of arterial blood oxygenation to asphyxial levels by ~60s

afteri i rd clamping in the absence of ventilation was accompanied by an equally rapid
deterioration ntricular contractility (i.e. development of myocardial dysfunction) that was

Iving of ventricular outputs and amarked drop in arterial blood pressures. With

umbilical gsion in chronically-instrumented fetal lambs (Lear et al., 2020b), our findings re-
iterated th mes under-appreciated rapidity with which falls in arterial oxygenation can occur
m

associa
persistenci of this asphyxial state, however, the presence of this dysfunction was masked, as

measures ricular contractility recovered due to stimulatory effects of a marked

sympathoctivation, in conjunction with a stabilization of reduced levels of ventricular
outputs,ar riseinarterial blood pressures and increases in ventricular filling pressures. The
duratio i pensatory circulatory phase remains to be determined, as does the nature of
changeH RV outputs, as well as associated alterations in ventricular function and
concentrat@irculating catecholamines, which occur with more prolonged non-ventilatory

periods after immediate cord clamping that culminate in overt manifestations of birth asphyxiain

the ne onetheless, fromthe perspective of preventing or minimizing myocardial dysfunction

in the birth transitfon, the findings of this study reinforce and provide a physiological basis for the
recommendation of the International Liaison Committee on Resuscitation that effective ventilation

should occur within 60s after immediate cord clamping at birth (Wyckoff et al., 2015).
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Table 1. Aortictrunk blood gas sample variables before and after umbilical cord clamping.

.

Variable q Post-delivery 30s CC 60s CC 90s CC p

Hb (g/dl) 1Y) 11.2(0.9) 11.3(1.1) 11.3(1.2) 11.3(1.2) 0.811
H

pH L <0.0001

@).021)° 7.284(0.027)  7.252(0.025) 7.239(0.023)  7.215(0.029)

Sa0, (%) mlz.S)b 54.1(15.2) 21.5(7.8) 8.8(3.1) 6.1(1.8) <0.0001

P,0, 25.3(5.9)° 22.2(5.3) 12.8(2.8) 8.2(1.7) 6.6(1.4) <0.0001

(mmHg)

P.cO, 5%2.9)° 51.2(3.7) 58.0(3.9) 59.9(3.6) 61.9(4.9) <0.0001

(mmHg)

0, @.72)a 3.67(0.86) 1.47(0.50) 0.61(0.21) 0.42(0.11) <0.0001

content

(mmol

Data are ed as mean(SD); n = 12. Abbreviations: CC, umbilical cord clamping; Hb,

haemoglobin concentration; Sa0,, haemoglobin oxygen saturation. °P <0.013, bp < 0.004,
‘P =0.001, fetusvs. post-delivery, one-way repeated measures analysis of variance. P value

refers to ohrepeated measures analysis of variance across interval between post-

delivery aVO.

e
e
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<C
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Table 2. Aortictrunk catecholamine concentrations before and after umbilical cord clamping.

_ dd

Variable Fetus Post- 30s CC 60s CC 90s CC P
delivery

Noradr&hJHE™006(638)°  1483(756) 2576(1302) 8621(4839)  26502(10001)  <0.0001
(pmol/l)

Cr

Adrenalin 22(174)° 353(322) 939(1144)  8437(5882)  34806(19379) <0.0001
(pmol/l)

Data are eﬂsi as mean(SD); n = 8. Abbreviation: CC, umbilical cord clamping. °P <

0.002, fet t-delivery, one-way repeated measures analysis of variance. P value

refers to - epeated measures analysis of variance across interval between post-

delivery at.
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