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Intrauterine inflammation alters cardiopulmonary but not
cerebral hemodynamics during open endotracheal tube

suction in preterm lambs

Robert Galinsky', Timothy J.M. Moss'?, Graeme R. Polglase'? and Stuart B. Hooper'~?

BACKGROUND: Intrauterine inflammation adversely affects
cardiopulmonary, systemic, and cerebral hemodynamics in
preterm neonates, but its impact on responses to endotra-
cheal tube (ETT) suction, known to affect hemodynamics, is
unknown. We hypothesized that intrauterine inflammation
would alter the cardiopulmonary and cerebral hemodynamic
response to open ETT suction in preterm lambs.

METHODS: Chronically instrumented fetuses received intra-
amniotic lipopolysaccharide (LPS; to induce intrauterine
inflammation) or saline at 118 d of gestation (term ~147 d).
At 125 d of gestation, lambs were delivered and mechanically
ventilated. Open ETT suction was performed 30 min after deliv-
ery. Pulmonary and cerebral arterial pressures and flows were
recorded continuously.

RESULTS: Intrauterine inflammation reduced pulmonary
blood flow (PBF) and increased pulmonary vascular resistance
(PVR) after preterm birth. PBF and left-ventricular output (LVO)
increased during and immediately after ETT suction in both
groups, but the values were higher in LPS-exposed lambs.
Preductal oxygenation significantly decreased during ETT suc-
tion but to a greater extent in LPS-exposed lambs. Cerebral
blood flow and systemic arterial pressure were increased by
open ETT suction similarly in the two groups.

CONCLUSION: Intrauterine inflammation exacerbates the
neonatal hemodynamic response to open ETT suction.

Intrauterine inflammation is a common antecedent of pre-
term birth (1). Experimental and clinical evidence show that
the cardiopulmonary and systemic circulations are adversely
affected in preterm neonates exposed to intrauterine inflam-
mation (2-5). This is probably caused by inflammation-
induced impairment in pulmonary and systemic vascular
development and function (4,6-11). Consequently, affected
infants are more likely to suffer from inflammation-induced
pulmonary hypertension, chronic lung disease, and disrupted
cerebral perfusion, resulting in cerebral injury and poor neu-
rological outcome (2,4,5,12,13).

Many preterm infants exposed to intrauterine inflammation
are also exposed to cardiovascular stressors during respiratory

support provided in the neonatal period (14,15). Endotracheal
tube (ETT) suction is one of the most common interventions
performed during respiratory support of preterm infants and
is known to alter lung mechanics and systemic hemodynam-
ics (3,16-20). However, to our knowledge, the impact of prior
exposure to intrauterine inflammation on these consequences
is unknown.

Our aim was to examine the effect of open ETT suction on
the compromised hemodynamic systems of preterm neonates
born after exposure to intrauterine inflammation. Specifically,
we focused on the effects of open ETT suction on cardiopul-
monary and cerebral hemodynamics during ventilation of pre-
term lambs. We hypothesized that intrauterine inflammation
would exacerbate the adverse cardiopulmonary and cerebral
circulatory effects of open ETT suction in preterm lambs.

RESULTS

Birth weights of preterm lambs and the ratios of males to
females were not different between the groups (Table 1). PaO,
and PaCO,, arterial oxygen saturation, alveolar arterial differ-
ence in oxygen (AaDO,), oxygenation index (OI), pH, and lac-
tate levels at birth did not differ between the groups (Table 1).

Hemodynamics and Oxygenation After Preterm Birth
Pulmonary blood flow (PBF) and left-ventricular output (LVO)
were lower in lipopolysaccharide (LPS)-exposed lambs than in
controls (P = 0.04 and 0.02, respectively; Table 2) before open
ETT suction. End-diastolic PBF was lower in LPS-exposed
lambs than in controls (P = 0.03; Table 2). Pulmonary arterial
pulsatility index (PI) tended to be lower in LPS lambs (P = 0.06;
Table 2). Main pulmonary arterial pressure (P, ,,) did not dif-
fer between the groups (P = 0.7; Table 2). Carotid blood flow
was 11.7+2.8 ml/min/kg higher in LPS-exposed lambs than
in controls, but this did not reach statistical significance (P =
0.12). Carotid arterial PI and brachiocephalic arterial pressure
(P,,) did not differ between the groups (P = 0.22 and 0.99,
respectively; Table 2). Heart rate (HR) and preductal oxygen
saturation were not different between the groups before open
ETT suction (P = 0.9 and 0.6, respectively; data not shown).
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Preductal Oxygenation and HR During and After ETT Suction

In LPS-exposed lambs, a greater reduction in arterial oxygen
saturation occurred at the end of open ETT suction and 10 s
after suction, relative to controls (P < 0.01; Figure 1a). HR
increased to a similar degree in both groups at the end of open
ETT suction and 10 s after suction was completed (P = 0.03;
two-way ANOVA; Figure 1b).

Cardiopulmonary Hemodynamics During and After ETT Suction

In LPS-exposed lambs, greater increases in PBF and LVO were
observed, relative to controls, during and immediately after
open ETT suction (P < 0.05; Figure 2a,b). In relation to presuc-
tion values, P values in the LPS-exposed group were 22 and

MPA
24% higher than in the control group at the end of ETT suction

Table 1. Body weight, ratios of males to females and singletons to
twins, arterial oxygenation, and acid-base status before ETT suction
in control and LPS-exposed lambs

Control LPS
Body weight (kg) 2.84+0.14 2.99+0.27
Male:female 2:2 5:1
Singleton:twin 3:1 2:4

Arterial oxygenation and acid-base status before ETT suction

PaO2 (mmHg) 38.7+4.9 32.1+3.7
Sa0, (%) 81.4£9.2 84.8+4.1
AaDO, 95.7+26.2 82.4+20.7
Ol 6.0+0.6 83%1.1
CO, (mmHg) 31.1+£43 41.5+5.2
pH 7.36+0.04 7.35+0.05
Lactate 1.9+03 23+05
(mmol/l)

Values are mean + SEM.

AaDO,, alveolar arterial difference in oxygen; ETT, endotracheal tube; LPS,
lipopolysaccharide; Ol, oxygenation index; SaO,, arterial oxygen saturation.

Table 2. Cardiopulmonary and cerebral hemodynamic
measurements after preterm birth, 2 min before the onset of open
ETT suction in control and LPS-exposed preterm lambs

Control LPS Pvalue
PBF (ml/min/kg) 79.1+£10.7 48.31+5.6 0.02*
LVO (ml/min/kg) 191.5+253  124.6+16.6 0.03*
PaPI 3.0+04 1.9+0.1 0.06
End-diastolic PBF (ml/min/kg) ~ 33.02+4.8 21.5+33 0.04*
P,yp (MMHg) 44246 46.7+3.7 071
CaBF (ml/min/kg) 144+24 26.1£5.1 0.12
CaPI 23+03 2.0%0.1 0.22
Pyca (MmHg) 48.7 48.6 0.99

Values are mean + SEM.

CaBF, carotid blood flow; CaPl, carotid arterial pulsatility index; ETT, endotracheal tube;
LPS, lipopolysaccharide; LVO, left-ventricular output; PaPl, pulmonary arterial pulsatility
index; P,,, brachiocephalic arterial pressure; PBF, pulmonary blood flow; P, .., main
pulmonary arterial pressure.

*P < 0.05 control vs. LPS.

and 10 s after suction, respectively (P = 0.08; Figure 2c). PI in
the left pulmonary artery was reduced during and immediately
after ET'T suction in both groups (P < 0.05; Figure 2d).

Cerebral Hemodynamics During and After ETT Suction

Carotid blood flow and P, ., were increased during and after
open ETT suction (P < 0.001 and 0.01, respectively; Figure 3)
similarly in the two groups. Carotid arterial PI was reduced
during and after open ETT suction (P < 0.0001; Figure 3), but
no difference was observed between the groups.

DISCUSSION

We investigated the effect of intrauterine inflammation on
cardiopulmonary hemodynamics after the initiation of venti-
lation in preterm lambs, and the cardiopulmonary hemody-
namic response to open ETT suction. After preterm delivery,
LPS-exposed preterm lambs had higher pulmonary vascular
resistance (PVR) and lower PBF and LVO as compared with
controls. Open ETT suction caused a greater increase in PBE,
LVO, and a trend toward higher pulmonary arterial pressure in
LPS-exposed lambs as compared with controls. Furthermore,
open ETT suction caused a greater reduction in preductal oxy-
gen saturation in LPS-exposed preterm lambs.

The reduction in PBF and LVO and increased PVR (as
evidenced by reduced end-diastolic PBF) observed in LPS-
exposed lambs before ETT suction is consistent with previous
clinical and experimental data (2,4) and is probably associated
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Figure 1. Oximetry and heart rate. (a) Oxygen saturation and (b) heart
rate in control (solid circles) and lipopolysaccharide (LPS)-exposed
preterm lambs (open circles) before, during, and after endotracheal tube
suction. Data are mean + SEM. *P < 0.05 LPS vs. control; SP < 0.05 for both
groups relative to baseline (0). bpm, beats per minute.
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Figure 2. Cardiopulmonary hemodynamics. (@) Pulmonary blood flow,
(b) left-ventricular output, (c) main pulmonary arterial pressure, and (d)
pulmonary arterial pulsatility index, in control (solid circles) and lipopolysac-
charide (LPS)-exposed preterm lambs (open circles) before, during, and after
endotracheal tube suction. Data are mean + SEM. *P < 0.05 LPS vs. control;
5P < 0.05 for both groups relative to baseline (0); **P = 0.08 LPS vs. control.

with impaired growth and development of the pulmonary
vascular bed. Indeed, 7 d after intra-amniotic LPS exposure,
fetal sheep have increased pulmonary arteriole hypertrophy
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Figure 3. Cerebral hemodynamics. (a) Brachiocephalic arterial pressure,
(b) carotid blood flow, and (c) carotid arterial pulsatility index in control
(solid circles) and lipopolysaccharide-exposed preterm lambs (open
circles) before, during, and after endotracheal tube suction. Data are
mean + SEM. 5P < 0.05 for both groups relative to baseline (0).

and reduced pulmonary vascular development and compli-
ance. This is indicated by a reduction in the expression of vas-
cular growth factors, increased fibrosis in the adventitial layer
of pulmonary arterioles, and reduced endothelial nitric oxide
synthase expression (7,8).

During and immediately after open ETT suction, we observed
a reduction in PVR, as evidenced by a reduction in PI within
the left pulmonary artery. A strong relationship exists between
alterations in airway pressure and PVR. In the neonatal and
adult lung, an increase in airway pressure causes an increase
in PVR and a subsequent reduction in PBF (21-24). Exposure
to intrauterine inflammation accentuated the increase in PVR
and reduction in PBF caused by increasing airway pressure in
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preterm lambs (2). Conversely, in fetal sheep, a reduction in
airway pressure reduces PVR and increases PBF (22,25). This
may be associated with decreased intraluminal (alveolar) pres-
sure, which increases the alveolar/capillary transmural pres-
sure, as has previously been demonstrated in fetal and neonatal
sheep (22,25). Although the magnitude of reduction in PVR
was similar between the groups, this induced a greater increase
in PBF and LVO in LPS-exposed lambs during and immedi-
ately after open ETT suction. This was probably caused by a
reduction in positive end-expiratory pressure during ETT suc-
tion, which may have increased cardiac venous return. In addi-
tion, a reduction in positive end-expiratory pressure during
ETT suction may increase recruitment of pulmonary arteri-
oles and thus increase left-to-right shunting across the ductus
arteriosus in the LPS-exposed lambs, which displayed a higher
PVR than controls before ETT suction.

Open ETT suction increases P, in human neonates (26).
Our data from preterm lambs are consistent, showing that open
ETT suction increased P however, the increase tended to be
greater in LPS-exposed lambs as compared with controls. We
have previously demonstrated that P, is increased in LPS-
exposed preterm lambs as compared with controls, during
mechanical ventilation and after alterations in mean airway
pressure (2). This is consistent with the increased prevalence of
pulmonary hypertension in neonates exposed to intrauterine
inflammation before birth (5). The increase in P,,,, observed
in our experiment is probably caused by impaired pulmo-
nary vascular development following exposure to intrauterine
inflammation, which results in an increase in PVR, as previ-
ously described (2,4,7,8).

In this study, ewes did not receive antenatal betamethasone
because we were interested in the effects of intrauterine inflam-
mation without the confounding effects of betamethasone. The
influence of antenatal steroids on the cardiopulmonary hemo-
dynamic changes caused by intrauterine inflammation during
ETT suction is a clinically important area of study that war-
rants further investigation.

The reduction in preductal oxygen saturation observed dur-
ing and immediately after open ETT suction was probably
caused by a reduction in mean airway pressure that resulted
in lung derecruitment. This has been demonstrated previously
during open ETT suction in newborn infants (27) and during
reduced end-expiratory pressures in mechanically ventilated
preterm lambs (22). We found that preductal oxygen satu-
ration was further reduced in LPS-exposed lambs. In sheep,
intrauterine inflammation has been demonstrated to impair
alveolar development, potentially reducing the surface area
available for gas exchange (28). The LPS-induced reduction
in pulmonary vascular and alveolar development may further
impair gas exchange at the terminal alveoli during lung dere-
cruitment caused by a reduction in mean airway pressure.

Anincrease in HR during ETT suction, of similar magnitude
to that in our study, has previously been reported in the pre-
term neonate (16). The cause of the increase in HR during ETT
suction is postulated to be an autonomic response whereby a
reduction in arterial oxygen tension is detected by the medulla,

resulting in increased sympathetic efferent activity (16). Open
ETT suction may inhibit parasympathetic efferent activity,
potentially causing an imbalance in autonomic regulation of
HR (16). In our study, although ETT suction caused a greater
reduction in preductal oxygen saturation in the LPS-exposed
lambs, we did not observe a greater increase in HR.

We observed a rapid reduction in carotid arterial PI and
increased carotid blood flow and P, ., during and immedi-
ately after open ETT suction, consistent with increased cere-
bral blood flow and pressure during ETT suction (18,19),
irrespective of prenatal treatment. High cerebral blood flow
velocity has been demonstrated as a sensitive predictor of
neonatal mortality and poor neurological outcome at 12 mo
of age (29,30); thus, the cerebral circulatory consequences of
open ETT suction may result in brain injury. ETT suctioning is
most frequently performed during the first 72 h after delivery,
with a single infant undergoing as many as six suction proce-
dures during this period (19). Regular and rapid fluctuations
in cerebral hemodynamics combined with impaired cerebral
autoregulation, which is a common characteristic of preterm
neonates, particularly those born weighing <1,500¢ (31), may
contribute to the increased incidence of poor neurological out-
come and cerebral injury such as intraventricular hemorrhage
in the preterm population (32-34).

In conclusion, we have demonstrated that exposure to intra-
uterine inflammation impairs cardiopulmonary hemodynam-
ics after preterm birth and exacerbates the cardiopulmonary
hemodynamic response to open ETT suction. In addition, we
have demonstrated that exposure to intrauterine inflamma-
tion causes a greater reduction in preductal oxygenation dur-
ing ETT suction. Our study confirms the interrelationship
between cardiopulmonary and cerebral hemodynamics during
open ETT suction. We have demonstrated that rapid alterations
in cardiopulmonary hemodynamics during open ETT suction
result in rapid changes in cerebral hemodynamics. Regular and
rapid alterations in cerebral hemodynamics during the neonatal
period may cause damage to the preterm brain.

METHODS

All procedures were approved by the relevant institutional animal
ethics committees. At 112+ 1 (mean + SD) days of gestation (term
~147 d), aseptic fetal surgery was performed on 10 pregnant ewes
under general anesthesia (2% isoflurane in oxygen; Bomac Animal
Health, Hornsby, Australia) as described previously (22). Polyvinyl
catheters containing heparinized saline were inserted into the fetal
brachiocephalic and main pulmonary artery for subsequent mea-
surement of arterial pressures (P,., and P, respectively). Flow
probes (Transonic Systems, Ithaca, NY) were placed around the left
pulmonary artery (4mm) and left carotid artery (3mm). Ewes were
allowed 6 d to recover from surgery before being randomly allocated
to receive an intra-amniotic injection of LPS (n = 6; Escherichia coli
055:B5, 20mg solubilized in 4 ml saline; Sigma-Aldrich, Castle Hill,
Australia) or saline (n = 4; controls; 4ml) via an amniotic catheter
implanted during surgery. Blood pressures and flows were recorded
in real time before, during, and after preterm delivery using Powerlab
hardware (ADInstruments, Castle Hill, Australia) and data acquisi-
tion software (Labchart Pro, version 7.3.1; ADInstruments). Due to
difficulty in maintaining arterial catheter patency, P, ., was recorded
for 5 of 6 LPS-exposed lambs and 4 of 4 controls. P, ,, was recorded
for 3 of 6 LPS-exposed lambs and 4 of 4 controls.
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Preterm Delivery and Mechanical Ventilation

At 125 d of gestation, 7 d after intra-amniotic LPS or saline, ewes
were anesthetized, and the lambs were delivered via cesarean section.
This age marks the late saccular/early alveolar stage of lung develop-
ment in sheep, which is comparable to the lungs of a human fetus
of 24-26 wk gestational age (35). Lambs were intubated and fitted
with a pulse oximeter for preductal measurement of oxyhemoglobin
saturation (Masimo, Irvine, CA). Lung liquid was passively drained
before the lambs were weighed and dried and transferred to an infant
warmer where mechanical ventilation was commenced (Babylog
8000+; Drager, Lubec, Germany). Lambs were ventilated in volume-
guarantee mode with a tidal volume of 7.5ml/kg. The upper limit of
peak inspiratory pressure was set to 40 cmH,O and positive end-expi-
ratory pressure was 4 cmH,O. The fraction of inspired oxygen (FiO,)
was adjusted to maintain preductal arterial oxyhemoglobin saturation
between 85 and 95%. Anesthesia and analgesia were maintained with
continuous infusion of alfaxane (3 mg/kg/min) via an umbilical vein
catheter inserted immediately after delivery.

ETT Suction

After 30 min of mechanical ventilation, open ETT suction was per-
formed for 30 s. This involved disconnecting the ETT from the
mechanical ventilator and inserting a size-8 French catheter down
the ETT, without passing the tip of the ETT, and applying suction at
a pressure of 80-100 cmH,O while gently withdrawing the suction
catheter.

Timing of Measurements

Physiological measurements were made from periods of the data
recording taken 1min before beginning ETT suction (-1), immedi-
ately after beginning ETT suction (0), immediately before removal of
the suction catheter (30), 10 s after reconnection of the ETT with the
mechanical ventilator (40), and 1 min after reconnecting the ETT to
the mechanical ventilator (1.30).

Calculations

Total PBF was integrated over 10 consecutive cardiac cycles at each
time point and the integral of each cycle was multiplied by the cor-
responding HR and averaged to derive LVO. End-diastolic PBF was
calculated from five consecutive cardiac cycles at each time point
(22). The AaDO, was calculated according to the equation:

AaDO, = (P e — Puo) X FiO, — (PaCO, /0.93) — PaO,

Where P, is barometric pressure, P,  is water vapor pressure
at 39 °C, and 0.93 is the respiratory quotient (22). OI was calculated

according to the equation:
OI = (FiO, x meanairway pressure/PaO,

LVO was calculated from measurements of total PBF, assuming that
flow in the left pulmonary artery equaled 40% of total PBE, which is
based on the weight difference between the right and left lungs (36).
PI in the carotid and pulmonary arteries was calculated according to
the equation:

PI = (peak systolicblood flow — minimum diastolicblood flow)/

mean blood flow

All calculations were performed in Labchart Pro (version 7.3.1;
ADInstruments).

Statistical Analysis

Data are presented as mean + SE unless otherwise stated. Statistical
analyses were undertaken using Sigmaplot software (v12.0; Systat
software, Washington, IL). Before open ETT suction, cardiopul-
monary and cerebral hemodynamics were compared between the
groups using an unpaired Student’s t-test (Table 1). Owing to baseline
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differences between the groups, serial data relating to the effect of
ETT suction were expressed as percentage change relative to values
before open ETT suction. During ETT suction, a two-way repeated-
measures ANOVA, with treatment (LPS vs. control) and time as fac-
tors, was used for comparisons. A Holm-Sidak post hoc test was used
to determine the time points at which differences occurred. P < 0.05
was considered statistically significant.
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