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ABBREVIATIONS

AaDO;: alveolo-arterial differencein partial pressure of oxygen

ACD: alveolar capillary dysplasia

?-SMA: ?-smooth muscle actin

AT%: adventitial thickness expressed as percentage of the external diameter
BAEP: brainstem auditory evoked potential

cHb: intravascular concentration of haemoglobin (in mmol/L)

cHHb: concentration of deoxyhaemoglobin (in pmol/100 g)

cO,Hb: concentration of oxyhaemoglobin (in umol/100 g)

ctHb: concentration of total haemoglobin (in pmol/100 g)

CBF: cerebral blood flow

CBFV: cerebral blood flow velocity

CBV: cerebra blood volume (in mL/100 g)

CDH: congenital diaphragmatic hernia

CPP: cerebral perfusion pressure

CVL method: central venous line method

CVP: centra venous pressure

CT-scan: computer tomography scan

DLVV-ECMO: double lumen catheter veno-venous extracorporeal membrane oxygenation
ECLS: extracorporeal life support

ECMO: extracorporeal membrane oxygenation

ED: external diameter

EEG: electroencephalogram

ELSO: extracorporeal life support organization

HO,: fraction of inspired oxygen

Flow AP: flow in the ECMO system between the bridge and the arterial catheter
Flow VP: flow in the ECMO system between the venous catheter and the bridge
HR: heart rate

i-PPHN: idiopathic persistent pulmonary hypertension of the newborn
IRDS: idiopathic respiratory distress syndrome

kPa: kilo Pascal

MABP: mean arterial blood pressure

MAS: meconium aspiration syndrome
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MRI: magnetic resonance imaging

MT%: medial thickness expressed as a percentage of the external diameter
NIRS: near infrared spectrophotometry

Ol: oxygenation index

pa0.: arterial partial pressure of oxygen

paCO,: arterial partial pressure of carbon dioxide

PBS: phosphate buffered saline

PPHN: persistent pulmonary hypertension of the newborn

Qao: blood flow in the aorta

Qcar: mean blood flow in the left common carotid artery

Qduct: ductus arteriosus blood flow

Qecmo: ECMO flow

Qpa: blood flow in the common pulmonary artery

Qsyst: systemic blood flow

RCCA: right common carotid artery

RIJV: right internal jugular vein

sa0.: arterial oxygen saturation

sd: standard deviation

SEM: standard error of the mean

SMC: smooth muscle cell

Sp-B: surfactant protein B

SSSP: superior sagittal sinus pressure

svO,: mixed venous oxygen saturation

svO, method: mixed venous oxygen saturation method

svOzline: inline 'mixed venous oxygen saturation

VA-ECMO: veno-arterial extracorporeal membrane oxygenation
VV-ECMO: veno-venous extracorporeal membrane oxygenation
WT%: total wall thickness expressed as a percentage of the external diameter
?: changein avariable
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GENERAL INTRODUCTION

BACKGROUND

Extracorporeal life support (ECLS) provides a prolonged but temporary support of cardiac
and/or lung function, using mechanical devices. When ECLS is used for respiratory failure, it
is caled ExtraCorporeal Membrane Oxygenation (ECMO). The ECMO circuit consists of
vascular access catheters, connecting tubing, a blood pump, an artificia lung (“oxygenator”),
a heat exchanger and monitoring devices. In ECMO in newborns, venous blood is passively
drained from the right atrium via a venous catheter inserted into the right internal jugular vein
(RIJV). The blood then passes through a pump that maintains adequate flow in the ECMO
system. For safety purposes, an intermediate bladder box with servo- system prevents
pumping if venous drainage is inadequate. Next, the blood passes the membrane oxygenator
where it is oxygenated and the @rbon dioxide pressure is regulated. In the membrane
oxygenator, a gas mixture of air, oxygen and carbon dioxide passes in the opposite direction
to the blood flow. After rewarming in the heat exchanger, oxygenated blood is returned to the
patient. This can either take place via the right common carotid artery (RCCA), in veno-
arterial extracorporeal membrane oxygenation (VA-ECMO) (figure 1), or via the RIJV into
the right atrium, in veno-venous extracorporeal membrane oxygenation (VV-ECMO).

With mechanical support of circulation and gas exchange, the lungs and heart are given arest
period, during which the intensity of artificial ventilation and vaso-active drug administration
can be diminished. Partial bypass is continued until the heart or lung function improves, after
which blood flow through the extracorporeal circuit is decreased (weaning) and ECMO is
ended.

Generally, ECMO is indicated as a rescue treatment in patients with acute reversible
respiratory failure, when there is a high risk of dying (50-100%) from the primary disease,
despite optimal conventional treatment. The most important indications for ECMO treatment
in newborns are respiratory falure and pulmonary hypertension caused by meconium
aspiration syndrome (MAS), congenital diaphragmatic hernia (CDH), sepsis and idiopathic
persistent pulmonary hypertension of the newborn (i-PPHN) (1).

AsECMO isonly used in patients who are likely to die without ECMO, the results are usually
described in terms of survival. Current surviva rates with ECMO treatment reported in the
registry of the Extracorporeal Life Support Organization (ELSO) are 80% for neonatal
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respiratory failure, 60% for paediatric respiratory failure and 50 % and for adult respiratory
failure (1).

Figure 1. Scheme of the VA -ECMO circuit
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ECMO has increased survival in selected newborns with severe respiratory insufficiency.
Unfortunately, this treatment modality has important complications that cause maor
morbidity and also determine survival rates. Ten to 30% of patients have major haemorrhagic
and/or ischaemic intracrania lesions (2-9). Concern about the short and long-term negative
effects of ligation of the RCCA in VA-ECMO led to the development of the VV-ECMO
technique, in which ligation of the RCCA is avoided by cannulating a vein to return the
oxygenated blood. However, VV-ECMO has the disadvantage of limited oxygenation, as
recirculation of oxygenated blood from the ‘arteria’ infusion side of the cannula into the
‘venous’ drainage side does not contribute to patient oxygeration.

In addition to cerebral complications, survival rates are also determined by the occurrence of
pulmonary complications (10). Severe intracranial abnormalities and pulmonary
complications are highly correlated with disturbed neurodevelopmental outcome (2,5,8,11-
13). Abnormal developmental outcome was present in 11-24% of the patients in these studies.
The presence of major abnormalities in neuro-imaging studies and chronic lung disease
increased the risk of adverse neurodevelopmental outcome 27 and 26 times respectively.
Patients with intracranial abnormalities on neuro-imaging were 27 times likely to have a
delayed development (12,13).

Persistent respiratory problems during ECMO can interfere with weaning the patient from
ECMO. Although it is generally possible to wean the patient from ECMO, it remains unclear
by which mechanism ECMO improves the underlying disease.

Some technical aspects of ECMO treatment may be related to the occurrence of
complications. Our group published about the effects on cerebral oxygenation and
haemodynamics of cannulation and VA-ECMO initiation and of opening of the bridge, a
safety connection between the arterial and venous side of the ECMO circuit (14,15).
Furthermore, our group demonstrated the presence of a patent ductus arteriosus with left to
right shunt during VA-ECMO and its relation with a prolonged ECMO duration (run-time)
(16). Hereby the time period during which ECMO related complications might occur

increases.
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STUDY OBJECTIVES

ECMO as a rescue treatment br newborns with severe respiratory insufficiency improves

survival. However, the technique is complex and two major aspects determine short and long

term outcome: cerebral and lung complications.

It is very important to understand the effects of ECMO on the brain and lungs, in order to be

able to optimize its use and prevent complications related to this technique.

Therefore, this thesis had the following aims:

1.

To study clinical results, in terms of survival and complications, of VA-ECMO

treatment in newborns with severe respiratory failure.

2. To study the effect of VA-ECMO on cerebral oxygenation and haemodynamics.
3. To devise amethod to quantify the amount of recirculation during VV-ECMO.

DETAILED OBJECTIVESOF THE STUDY

Part 1 describes the clinical results of ECMO treatment at the University Medical Centre

Nijmegen.

1.

More than 18,000 newborns have been trested with ECMO worldwide. Since the
introduction of ECMO at our centre in 1999, 186 newborns have received treatment
because of severe respiratory failure. Are our results comparable with those obtained
at other centres? (Chapter 2).

The beneficial effect of ECMO is generally described as “lung rest”, but it is unclear
what this concept represents. Newborns with severe pulmonary hypertension have an
abnorma morphology of the lung vasculature. What is the difference in the
morphology of the lung vasculature in patients with pulmonary hypertension treated
with ECMO and those not treated with ECMO? (Chapter 3).

Part 2 addresses cerebral oxygenation and haemodynamics during ECMO.

1. VA-ECMO causes changes in cerebral oxygenation and haemodynamics. Does the

16

induction of VA-ECMO have different effects on the left and right cerebra
hemispheres? (Chapter 5).



2. Opening of the bridge during VA-ECMO results in changes in cerebral oxygenation
and haemodynamics. What causes these changes? What is the effect of opening the
bridge at different ECMO flow rates and for different opening times, and can the

changesin cerebral oxygenation and haemodynamics be prevented? (Chapter 6).

3. A patent ductus arteriosus with left to right shunt can be present during VA-ECMO.
How does a ductus arteriosus with left-to-right shunt during VA-ECMO affect
cerebral oxygenation and haemodynamics? (Chapter 7).

Part 3 addresses VV-ECMO
In VV-ECMO, ligation of the RCCA is avoided by cannulating a vein to return the
oxygenated blood. Oxygenation is limited with this technique, because recirculation
does occur. Is it possible to quantify recirculation during VV-ECMO using an easily
applicable, bedside method? (Chapter 9).

REFERENCES

1 EL SO registry report, July 2003. Extracorporeal Life Support Organization, Ann Arbor, 2003

2. Glass P, Miller M, Short B. Morbidity for survivors of extracorporeal membrane oxygenation:
neurodevelopmental outcome at 1 year of age. Pediatrics 1989;83:72-78

3. Taylor GA, Short BL, Fitz CR. Imaging of cerebrovascular injury in infants treated with extracorporeal
membrane oxygenation. J Pediatr 1989;114:635-639

4. Babcock DS, Han BK, Weiss RG, Ryckman FC. Brain abnormalities in infants on extracorporeal
membrane oxygenation: sonographic and CT findings. AJR Am J Roentgenol 1989;153:571-576

5. Hofkosh D, Thompson AE, Nozza RJ, Kemp SS, Bowen A, Feldman HM. Ten years of extracorporeal
membrane oxygenation: neurodevelopmental outcome. Pediatrics 1991;87:549-555

6. Lazar EL, Abramson SJ, Weinstein S, Stolar CJ. Neuroimaging of brain injury in neonates treated with
extracorporeal membrane oxygenation: lessons learned from serial examinations. J Pediatr Surg
1994;29:186-190

7. Bulas DI, Taylor GA, O'Donnell RM, Short BL, Fitz CR, Vezina G. Intracranial abnormalities in infants
treated with extracorporeal membrane oxygenation: update on sonographic and CT findings. AJNR Am J
Neuroradiol 1996;17:287-294

8. Glass P, Bulas DI, Wagner AE, Rajasingham SR, Civitello LA, Papero PH, Coffman CE, Short BL.
Severity of brain injury following neonatal extracorporeal membrane oxygenation and outcome at age 5
years. Dev Med Child Neurol 1997;39:441-448

17



10.

11.

12.

13.

14.

15.

16.

18

Graziani LJ, Gringlas M, Baumgart S. Cerebrovascular complications and neurodevelopmental sequelae
of neonatal ECMO. Clin Perinatol 1997;24:655-675

Watson JW, Brown DM, Lally KP, Null D, Clark R. Complications of extracorporeal membrane
oxygenation in neonates. South Med J 1990;83:1262-1265

Taylor GA, Glass P, Fitz CR, Miller MK. Neurologic status in infants treated with extracorporeal
membrane oxygenation: correlation of imaging findings with developmental outcome. Radiology
1987;165:679-682

Bulas DI, Glass P, O'Donnell RM, Taylor GA, Short BL, Vezina GL. Neonates treated with ECMO:
predictive value of early CT and US neuroimaging findings on short-term neurodevel opmental outcome.
Radiology 1995;195:407-412

Vaucher YE, Dudell GG, Bgar R, Gist K. Predictors of early childhood outcome in candidates for
extracorporeal membrane oxygenation. J Pediatr 1996;128:109-117

Liem KD, Hopman JC, Oeseburg B, de Haan AF, Festen C, Kollée LA. Cerebral oxygenation and
hemodynamics during induction of extracorporeal membrane oxygenation as investigated by near infrared
spectrophotometry . Pediatrics 1995;95:555-561

Liem KD, Kollée LA, Klaessens JH, Geven WB, Festen C, de Haan AF, Oeseburg B. Disturbance of
cerebral oxygenation and hemodynamics related to the opening of the bypass bridge during veno-arterial
extracorporeal membrane oxygenation. Pediatr Res 1995;38:124-129

Tanke R, Daniels O, Van Heljst A, Van Lier H, Festen C. The influence of ductal left-to-right shunting
during extracorporeal membrane oxygenation. J Pediatr Surg 2002;37:1165-1168



PART 1

‘THE NIJMEGEN EXPERIENCE’

19




20



CHAPTER 1

ECMO IN NEWBORNSWITH RESPIRATORY
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ECMO IN NEWBORNSWITH RESPIRATORY FAILURE: INTRODUCTION

HISTORY

The first extracorporea cardiopulmonary bypass system was developed by John Gibbon in
the 1930s (1). In this system, direct blood-gas contact was necessary for oxygenation, which
limited the bypass time to about 6 hours because of cell haemolysis, platelet consumption and
protein denaturation (2). In 1963, Theodore Kolobow developed the silicone rubber
membrane lung, which today is still the oxygenator mainly used for long-term bypass (3).

In 1976, Bartlett was the first to use ECMO successfully in a newborn with respiratory failure
due to MAS (4,5). In 1982, Bartlett’s group reported on the use of ECMO in 45 newborns (6).
These patients were suffering from pulmonary disease, often exacerbated by pulmonary
hypertension, and were generally moribund when ECMO was started. ECMO and the short-
term follow-up results were considered so encouraging that many others started to apply
ECMO treatment for newborn respiratory failure (7-10). Different authors tried to identify
patients who would benefit most from rescue treatment with ECMO. Krummel et a, Ortiz et
al and Beck et a published criteria to select patients for ECMO treatment (11-13). However,
no scientific prove was available that demonstrated better survival with ECMO treatment. For
obvious reasons it was not feasible to perform a blind randomised controlled trial comparing
conventional treatment to ECMO treatment, because blinding as well as sham operations were
impossible in the controls. Experience with ECMO treatment convinced people about its
effectiveness. Opportunities were searched for in trials to limit the number of patients who
had to be randomised to conventional treatment. Physicians could not accept that children
from were dying while an aternative treatment was available.

Two “adapted” randomised studies were published that seemed to prove the benefit of ECMO
therapy over conventional therapy in newborns with severe respiratory failure (14,15).
However the randomization design of these studies was disputed, which led to the opinion
that no approved clinical trials had been undertaken (16).

The EL SO, founded in 1989, participated in a National Institute of Health conference in 1990.
It was concluded that ECMO use should be continued and that ECMO centres should
participate in the EL SO registry, thus making it possible to monitor efficacy and effectiveness
(17). Today, the ELSO has 110 centresin 14 countries.
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In 1989, ECMO was applied for the first time at our hospital (University Medical Centre
Nijmegen) in two newborns with MAS and sepsis, both survived (18). Between 1991 and
1994, ECMO treatment was used within the "Evaluation project for innovative developments
in medicine” entitled Extra Corporeal Membrane Oxygenation in newborns (no OG 90-001).
As randomisation was considered to be unethical, the ECMO group was compared to a
control group of newborns with severe respiratory failure who fulfilled the criteriafor ECMO
treatment but had not received ECMO because it was not yet available (1988-1991), the so-
called historical control goup. Results of this project are summarized in table 1: survival in
the ECMO group was better than that in the historical control group. The best survival was
seen in the group of patients with MAS, while the greatest increase in survival was achieved

in the group of patients with CDH.

Table 1. Results of the “Evaluation project for innovative developments in medicine’: Extra Corporea

Membrane Oxygenation in newborns (OG-90-001)

Diagnosis ECMO survival Conventional Odd’sratio p vaue
therapy survival

MAS 87% (n=31) 50% (n=22) 0.15 0.005

CDH 65% (n=23) 4% (n=24) 0.02 <0.001

Other 72% (n=25) 39% (n=38) 0.25 0.02

Total 76% (n=79) 32% (n=84) 015 <0.001

MAS = meconium aspiration syndrome, CDH = congenital diaphragmatic hernia

In 1996, the UK collaborative ECMO group published a large randomised trial on survival in
ECMO in newborns in (19). Newborns with severe respiratory failure were randomised to
either ECMO treatment at one of the five ECMO centres or conservative treatment at the
participating centres. The results are summarized in table 2. Survival until discharge in al the
diagnoses groups of newborns with severe respiratory failure was better in the ECMO group
than in the conventional treatment group. Cost-effectiveness was aso evaluated and it was
concluded that ECMO was likely to be as cost-effective as other life-extending technologies
(20).

The Cochrane group evaluated the trials of Bartlett et al, O’ Rourke et a, the UK trial and also
afourth trial the results of which were presented at a conference (14,15,19,21,22). There were
fewer deaths before discharge in ECMO patients than in controls (Relative Risk 0.44, 95%
Cl: 0.31-0.61, p<0.00001). Mortality rates differed by -0.32 (95% CI: -0.44 to -0.20), which
meant that ECMO in three newborns was needed to prevent one death. The risk of death
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before discharge was reduced the most in infants without the diagnosis CDH (RR 0.33, 95%
Cl: 0.21-0.53, p<0.00001), but even in infants with CDH the risk of death was reduced (RR
0.72, 95% CI: 0.54-0.96, p=0.03). The Cochrane group concluded that the use of ECMO in
newborns with severe, but potentially reversible, respiratory insufficiency resulted in
significantly improved survival, without an increased risk of severe disability in survivors.
However, in terms of death or disability, the advantage of ECM O treatment over conventional
trestment in CDH patients had disappeared at 4 years follow-up in the UK tria (23).

Over the past 28 years, ECMO has evolved from an experimental therapy for moribund
newborns to a life-saving technology for a selected group of newborns with reversible or
treatable disorders and intractable hypoxaemia, hypotension and/or clinical deterioration that

IS unresponsive to maximal conservative treatment (24).

Table 2. Results of the UK collaborative randomised trial of extracorporeal membrane oxygenation in newborns

Deaths*/number treated

Primary diagnosis ECMO Conventional Relativerisk (95% Cl); p vaue
management

CDH 13/18 17/17 0.72 (0.54-0.96); p<0.05
MAS 6/32 16/37
I-PPHN 2/115 10/16 0.41 (0.24-0.67); p<0.001
Other 7/28 11/22
Total 28/93 54/92 0.52 (0.36-0.73); p<0.001

* = Death before discharge, MAS = meconium aspiration syndrome, CDH = congenital
diaphragmatic hernia, i-PPHN = idiopathic persistent pulmonary hypertension of the newborn

PATIENT SELECTION

Patient selection for ECMO treatment is based on the principle that the risk of death or severe
morbidity with conventional therapy is greater than the risk associated with ECMO treatment.
In genera, underlying lung disease must be reversible within the ECMO run-time. The most
important disorders in newborns with severe respiratory failure are MAS, sepsis/pneumonia
and CDH, often aggravated by severe persistent pulmonary hypertension of the newborn
(PPHN). This btter disorder may be present without any of the other underlying disorders:
idiopathic persistent pulmonary hypertension of the newborn (i-PPHN). ECMO allows time
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for recovery and avoids the risks associated with prolonged intensive mechanical ventilation
(24).

ECMO treatment is not offered to patients with a compromised health state, i.e. patients with
pre-existing cerebral defects, irreparable congenital heart disorders, nonfunctional kidneys,
lethal and untreatable metabolic diseases, maformation syndromes, maor anatomical
anomalies and severe chromosomal aberrations (trisomy 13 and 18). Patients with pre-
existing irreversible organ damage are also excluded (24).

ECMO is not offered to patients born at a gestational age of less than 34 weeks or with abirth
weight of less than 2 kg, because of the increased risk of intracranial haemorrhage (25-27).
As it is necessary to administer heparin during ECMO treatment, uncontrollable bleeding or
coagulopathy is considered arelative contra-indication (24). Intensive artificial ventilation for
longer than 10 days is also a relative contraindication, because it may have caused
irreversible lung damage.

In their origina paper, Bartlett et a used ECMO as a last resort treatment in moribund
patients (4). Over the years, different physiological and clinical variables have been used to
select patients who might benefit from ECMO treatment for their high mortality rate diseases
(11-13). Currently, two main variables are used as criteria for ECMO treatment: the
oxygenation index (Ol) and the alveolar-arterial difference in partial pressure of oxygen
(AaDOy), (table 3). Additionally, there are criteria based on acute deterioration of the patient
and criteria related to pH, mainly for sepsis patients who might not develop severe
hypoxaemia, but do have severe acidosis and poor organ perfusion (24).

A set of generally used criteria have emerged in the meantime, which are summarized in the
EL SO guidelines for the application of ECMO to newborns (28). The selection criteria at our
institute are based on these guidelines (table 3).

Although the origina criteria predicted 80% mortality, nowadays these criteria would
probably not predict this. In the UK trial, an Ol of over 40 for 3 hours was used as a selection
criterion for ECMO treatment. Thus, survival rates with conventional therapy (61%) in that
study were based on this criterion and did not predict 80% mortality as originally suggested
(13,19). Our own study demonstrated mortality rates of 50 to 96% in the control group,
depending on the primary disease (table 1). Mathias et a published a study on newborns who
met the ECMO criteria and found a mortality of 19% (29). Studies like these emphasize the
need to re-evaluate ECMO criteria once new treatment modalities become available for

respiratory failure.
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Table 3. Selection criteria for ECMO at the University Medical Centre Nijmegen in newborns with severe

respiratory failure

Indications

1. AaDO,>80 kPa (600 mm Hg) for more than 8 hours.

2. AaD0,>80.6 kPa (605 mm Hg) for more than 4 hours with peak inspiratory pressure = 38 mbar or
mean airway pressure = 22 mbar.
Acute deterioration for at least 2 hours with pH<7.15 and Pa0O,<5.3 kPa (40 mm Hg).
No clinical improvement on maximal conventional therapy for 3 hours with Pa0,<5.3 kPa (40 mm Hg).
Signs of barotrauma (at least 4): lung emphysema, pneumothorax or pneumomediastinum,
pneumopericardium, pneumoperitoneum, subcutaneous emphysema, air leak >24 hours, mean airway
pressure >15 mbar.

6. OI>40 for 3-5 hours.

7. Inpatientswith CDH, at least one Pa0,>10.6 kPa (80 mm Hg) must be documented.

Contraindications

o g~ W DN P

Gestational age <34 weeks or birth weight <2000 grams.

Underlying lung disease or cause of respiratory insufficiency, that is not reversible within 10-14 days.
Mechanical ventilation >10 days.

Chromosomal or other congenital or acquired abnormalitiesincompatible with life.

Intraventricular or cerebral parenchymal haemorrhage = gradell.

Coagulopathy or bleeding complication for which heparin administration is contra-indicated.

AaDO; = Alveolo-arterial differencein partial oxygen pressure difference (mm Hg).

AaDO, =Patm - P40 - (paO,+paCO,)FiO,, where Patm = atmospheric pressure, Ry,o = vapour pressure
(being 47 mm Hg at 37°C), paO, = arterial partial pressure of oxygen, paCO, = arterial partial pressure of
carbon dioxide, FiO, = fraction of inspired oxygen.

ol

= Oxygenation index = [Mean Airway Pressure x FiO, x 100]/pa0,. MAP in mbar, paO, in mm Hg.

CLINICAL MANAGEMENT OF NEWBORNS ON VENO-ARTERIAL ECMO

After a patient has been found to fulfil the ECMO criteriain the absence of contra-indications,

the paediatric surgeon inserts appropriate cannulas. In VA-ECMO, the arteria cannula is

inserted through the RCCA into the junction of the innominate artery and aortic arch. The

venous cannula is inserted through the RIJV nto the right atrium. The cannulas are then
connected to the ECMO system and ECMO can be started. ECMO flow is increased gradually
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until adequate oxygenation of the patient has been reached and ventilator settings can be
reduced to so-called “rest-settings”, typically a frequency of 17-24/min, inspiratory pressure
22-26 mbar, podtive end-expiratory pressure 4-8 mbar and FO, of 0.30. Usualy
haemodynamic stability improves to such an extend after ECMO initiation that cardiotonic
drug administration can be weaned and stopped.

In the initial phase of ECMO, the goa of treatment is to maintain an adequate ECMO flow.
This will ensure adequate oxygenation of the patient (arterial blood gas and “mixed venous’
saturation) and normal organ function (pH, blood pressure, diuresis). It may be necessary to
maintain a high ECMO flow rate in many patients initially, because the chest radiograph
shows deterioration during the first 12 days (white-out). After 24 to 48 hours, the lung
function generally improves, as indicated by increases in arterial partial pressure of oxygen
(paO-) vaues, lung compliance, end-tidal partial pressure of carbon dioxide values and in
paO, after increasing the fraction of inspired oxygen (FiO>) of the ventilator to 100% (“the
hyper-oxygenationtest”). Then by decreasing the ECMO flow rate, weaning can be started by
10-20 mL/min per hour as long as paO, values remain adequate. When an ECMO flow of 50
mL/min has been reached and adequate oxygenation of the patient can be maintained for 6-8
hours (idling), the patient is decannulated. If the ECMO flow cannot be diminished to 50
mL/min, some adaptation of the ventilator settings with higher frequency, pressures and FiO,
may have to be accepted, in order to enable decannulation of the patient.

In CDH patients, the diaphragmatic defect is closed during ECMO treatment, once an ECMO
flow of 50 mL/min is reached. During and directly after surgery, the ECMO flow is
maintained at a higher level for 24-36 hours to prevent recurrent pulmonary hypertension,
where after the patient was weaned again and decannulated.

Newborns with respiratory failure usually have two distinct abnormalities: pulmonary
parenchymal disease with a mismatch in ventilation and perfusion, and pulmonary vascular
disease with pulmonary hypertension. The latter disorder can cause right to left shunt at the
ductus arteriosus and at the atrial level thereby causing hypoxaemia (30,31).

The syndrome of PPHN is associated with abnormalities in the structure of the small arteries
in the lung (32-26). It is important to understand the effects of ECMO on the neonatal lung,
the recovery of PPHN and the underlying parenchymal lung disease. Generally, the beneficial
effect of ECMO is described as lung rest (37-38). Despite the large number of newborns
treated with ECMO worldwide, only a few data are available about the evolution of the
abnormal vascular wall structure during ECMO. Shehata et a studied vascular morphology in
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CDH patients after ECMO treatment and found partial regression of the abnormal vascular

wall structure.

The next two chapters describe the results of ECMO treatment in newborns at the University

Medical Centre Nijmegen, and those of a study on lung vascular morphology after ECMO

treatment.
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ABSTRACT

Between 1991 and 2003, 186 newborns were treated with extracorporeal membrane
oxygenation at the University Medical Centre Nijmegen, the Netherlands. Diagnoses were
meconium aspiration syndrome (n=78, survival 95%), congenital diaphragmatic hernia (n=58,
survival 65%), sepsispneumonia (n=28, survival 79%), idiopathic persistent pulmonary
hypertension of the newborn (n=20, surviva 75%) and idiopathic respiratory distress
syndrome (n=2, survival 100%). Extracorporeal membrane oxygenation was started at an
earlier postnatal age in congenital diaphragmatic hernia than in meconium aspiration
syndrome, sepsis and idiopathic persistent pulmonary hypertension of the newborn, and
earlier in meconium aspiration syndrome than in idiopathic persistent pulmonary hypertension
of the newborn. There were no datistically significant differences in extracorpored
membrane oxygenation run times between diagnosis groups.

Thirty-five newborns died (19%), due to respiratory failure (n=21), intracrania haemorrhage
(n=8), aveolocapillary dysplasia (n=3) and surfactant protein B deficiency (n=1). There were
two late deaths (> 6 weeks after extracorporeal membrane oxygenation treatment) related to
the underlying abnormality. Survivors and nonsurvivors differed on entry diagnosis,
extracorporeal membrane oxygenation run time and birth weight.

Important complications during extracorporeal membrane oxygenation treatment were
disseminated intravascular coagulation (19%), need for circulatory support with inotropic
medi cation (16%) and problems with the cannula position (15%).

Important factors related to death were pH < 7.20 and cerebral haemorrhage.

Thirteen patients had a cerebral haemorrhage, while 17 had an ischaemic lesion, without
predominance for either cerebral hemisphere.

In 8 patients, a patent ductus arteriosus with left to right shunt was detected during or after
extracorporeal membrane oxygenation.

Conclusion: extracorporeal membrane oxygenation is a rescue treatment for a selected group
of newborns with cardiorespiratory insufficiency that is unresponsive to maximal
conventional treatment. Overall survival at our centre was 81%, which is comparable with

other centres. Complications form an important limiting factor for favourable outcome.
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INTRODUCTION

ECMO is a rescue treatment for newborns with severe cardiorespiratory insufficiency when
conventional treatment, including artificial ventilation, inotropic support, surfactant
administration and nitric oxide inhalation, has failed to maintain adequate oxygenation and
there is a high predicted mortality (1-3). ECMO was introduced at our clinic in 1989 (4). So
far, we have been using the VA-ECMO technique on all newborns treated with ECMO.
Venous blood is drained from the right atrium and pumped a by roller pump to a membrane
oxygenator. Gas exchange takes place in the membrane oxygenator: venous blood is
oxygenated and the carbon dioxide pressure of the blood is regulated. Before the oxygenated
blood is returned to the arteria circulation, it passes a heat exchanger to normalize the blood
temperature. VA-ECMO offers temporary support for lung function and cardiac function,
generally over amaximum period of 2 to 3 weeks. The most important indications for ECMO
trestment in newborns with respiratory failure are MAS, CDH, sepsis/pneumonia and i-
PPHN.

We describe the results of VA-ECMO treatment in 186 newborns at the University Medical
Centre Nijmegen over the period 1991 and 2003.

PATIENTSAND METHODS

Patients

The first two newborns were treated with ECMO at our centre in 1989 (4). From 1991 to
1994, ECMO treatment was offered within the "Evaluation project for innovative
developments in medicine' ExtraCorporeal Membrane Oxygenation in newborns (no OG 90-
001) and later as a regular treatment method. Between 1991 and 2003, 186 newborns that
fulfilled one or more of the selection criteria for ECMO treatment and did not have any
contra- indications were treated with ECMO (5,6).

After the initiation of ECMO, there was a stabilization period of 24-48 hours. Then the
newborn was weaned until an ECMO flow of 50 mL/min was reached. When oxygenation
was adequate at this flow rate, the patient was decannulated. In CDH patients, the
diaphragmatic defect was closed during ECMO treatment, once an ECMO flow of 50 mL/min
was reached. During and directly after surgery, the ECMO flow was maintained at a higher
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level for 24-36 hours to prevent recurrent pulmonary hypertension, where after the patient
was weaned again and decannulated (7). Heparin administration during ECMO to prevent
clotting in the ECMO circuit was dosed based on determination of the activated clotting time
or heparin activity in the blood.

Registration of the results of ECMO treatment

To report our results of ECMO treatment to the ELSO we have been using the ELSO
Documentation Form (8). On this form, the diagnosis for ECMO treatment, gestational age,
sex, age at the start of ECMO and ECMO run time are documented. In CDH patients, time of
diagnosis, prenatal or postnatal, is recorded. Survival rates until discharge or transfer are
calculated. Complications that occur during ECMO treatment are also documented in this
form. Furthermore, in CDH patients, we record the place of birth. In nonsurviving infants,
causes of death are described. During the ECMO run, ultrasound of the head is performed
daily. Also computer tomography (CT) scanning or magnetic resonance imaging (MRI) scan
of the brain are performed in survivors after ECMO treatment. Lesions can be classified as
haemorrhagic or ischaemic. They were further classified by us according to their localization:

left or right hemisphere, bilateral, or in the posterior fossa.

STATISTICS

Survival rates were compared between the different diagnoses groups and also with those
reported by the ELSO (Fisher's exact test). Survival rates were compared in prenatally and
postnatally diagnosed CDH patients (Fisher’'s exact test) and survival was aso calculated
according to place of birth (Fisher’s exact test/Chi-square test). Mean ages at the start of ECMO
were compared between the different diagnosis groups (Kruskal Wallis non-parametric
ANOVA test with Dunn’s multiple comparison test). ECMO run times were compared between
the different diagnosis groups (one way ANOVA). Survivors and nonsurvivors were compared
on ECMO run time, birth weight and gestational age (unpaired ttest). The distribution of
haemorrhagic and ischaemic cerebral lesions over the left and right hemisphere was compared as
well as these two lesions combined (Fisher’s exact test). The relation between diagnosis and the

occurrence of haemorrhagic or ischaemic lesions was tested (chi-square test). Infants with and
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without cerebral lesions were compared on gestational age ard birth weight (unpaired t-test). P

values = 0.05 were considered significant.

RESULTS

Diagnosis and survival

Results are presented as mean + sd.

The total group of 186 newborns treated with ECMO comprised 116 boys and 70 girls. Table
1 summarizes all the diagnoses and survival rates after ECMO treatment in our patients and
survival data according to the ELSO. Survival varied from 65% in CDH to 95% in MAS and
was significantly better in MAS than in CDH, sepsis and PPHN.

The diagnosis of CDH was made prenatally in 15 patients and postnatally in the remaining 43.
Survival rates in the CDH patients diagnosed prenatally and postnatally were 60% and 67%,
respectively (p=0.75). Place of birth had no effect on the survival of CDH patients. Survival
rates of patients born at home, at a general hospital and at a 39 level centre were 75%, 59%
and 71%, respectively (p=0.53). Survival rates of CDH patients born at our ECMO centre
(62%) were comparable with those born elsewhere (67%; p=0.80).

Age at the start of ECMO

ECMO was dtarted significantly earlier after birth in CDH patients (24+17 hrs, mean %
standard deviation (sd)) than in patients with MAS (46+46 hrs; p<0.001), sepsis (78190 hrs;
p<0.001) and i-PPHN (77+78 hrs; p<0.001), while in MAS patients it was started earlier than
in i-PPHN (p<0.05). All the CDH patients, except for one, were on ECMO on day 3 after
birth. In two patients, ECM O was started after surgical correction of the diaphragmatic defect;
in al the others ECMO was initiated in order to achieve pre-operative cardiorespiratory
stabilization before surgery. In the other diagnosis groups, 74% of the patients were on
ECMO on day 3 after birth.
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Table 1. Diagnosis and survival in 186 newborns treated with ECMO for respiratory insufficiency

Diagnosis Number Survival (nr) Survival (%) ELSO (%)
MAS 78 74 95+ * A
CDH 58 38 65 53
Sepsis 28 2 79 75
i-PPHN 20 15 75 79
IRDS 2 2 100 84
Total 186 151 81

MA'S = meconium aspiration syndrome, CDH = congenital diaphragmatic hernia, i-PPHN = idiopathic persistent
pulmonary hypertension of the newborn, IRDS = idiopathic respiratory distress syndrome, ELSO =
Extracorporeal Life Support Organization, Survival = survival to discharge or transfer

*: p<0.05 MAS compared to sepsis and PPHN, #: p<0.01 MAS compared to CDH

nr = nunber, % = percentage

ECMO run time

There were no significant differences in ECMO run time between the different diagnosis
groups. 153+56 hours in MAS, 17671 hours in CDH, 166+67 hours in sepsis and 172+48
hours in i-PPHN patients. Differences in ECMO run times between the diagnosis groups were
however not significant (p=0.17).

ECMO run time was significantly shorter in survivors (154450 hours) than in nonsurvivors
(214£93 hours; p<0.01).

Mortality

Thirty-five newborns died. Causes of death are summarized in table 2. Persistent respiratory
insufficiency was the mgor cause of death, especially in the group of CDH patients. These
patients often had severe rebound pulmonary hypertension and signs of multi-organ failure,
such as hypotension and oliguria. In the CDH group, 2 patients died more than 6 weeks after
ECMO treatment (late deaths), one because of ischaemic intestinal necrosis with perforation
and another one because of respiratory insufficiency. In 8 patients with intracrania
haemorrhage, ECMO was withdrawn to prevent progression of the haemorrhage during
heparin administration or because of expected poor prognosis. In the FPPHN group, 4 out of
the 5 patients that died had rare, untreatable diseases. 3 patients had alveolar capillary
dysplasia (ACD) and 1 had surfactant protein B (Sp-B) deficiency.
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Apart from the differences in diagnosis and ECMO run time, survivors differed from non
survivors on birth weight (3393+591g and 3094+4969, respectively; p<0.01). There was no
difference in gestational age between survivors (276x15d) and non-survivors (274+17d;
p=0.41).

Table 2. Causes of death in 36 newborns treated with extracorporeal membrane oxygenation for

cardiorespiratory insufficiency

Persistent
Diagnosis Number respiratory ICH Sp-B def ACD L ate death
insufficiency

MAS 4 1 3

CDH 20 15 3 2
Sepsis 6 4 2
i-PPHN 5 1 1 3

IRDS 0

Total 35 21 8 1 3 2

MAS = meconium aspiration syndrome, CDH = congenital diaphragmatic hernia, i-PPHN = idiopathic persistent
pulmonary hypertension of the newborn, IRDS = idiopathic respiratory distress syndrome, ICH = intra-cranial
haemorrhage, Sp-B def = surfactant protein B deficiency, ACD = alveolar capillary dysplasia, late death =
patients that died more than six weeks after ECMO treatment from primary disease related causes.

Complications

The most frequent complications of ECMO treatment in our population are listed in table 3.
Disseminated intravascular coagulation was the most common (19%). Other major
complications were the need for circulatory support with inotropic medication during ECMO,
problems with the cannula position, surgical site bleeding, hypo- or hyperglycaemia, culture
proven infections and clots in the ECMO system, especially in the bridge. The most important
factors related to death were the occurrence of metabolic acidosis with pH<7.20 during the
ECMO run, cerebra haemorrhage, infections and surgical site bleeding. The latter
complication occurred in 45% of the CDH patients.
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Table 3. Complications of ECMO treatment

Conmlication % Survival (%)
DIC 19 70
Inotropes on ECMO 16 7
Cannulaproblems 15 79
Surgical site bleeding 45+ 56
Clotsin bridge 14 73
Glucose > 13.3 mmol/I 14 74
Glucose < 2.2 mmol/Il 1 81
Culture proven infection 1 57
Cerebral infarction 9 59
Cerebral haemorrhage 7 3
pH < 7.20 4 14

% = percentage of ECMO runs, DIC: disseminated intravascular coagulation

*: percentage of surgical site bleeding in CDH patients, as this only occurred in CDH patients.

Cerebral imaging

Ultrasound investigations of the brain were performed daily in al 186 patients. A CT-scan or
MRI-scan was not done on 33 patients that died. In another 18 patients, care providers
decided not to do a CT-scan or MRI-scan because they had normal ultrasound findings.
Results of head ultrasound, CT-scan and MRI-scan studies of the brain are presented in table
4. Haemorrhagic lesions were observed in 13 patients (7.0%) and infarctions in 17 patients
(9.1%). There was no significant difference between the occurrence of lesions in the kft and
right hemispheres; in both hemispheres 8 lesions (4.3%) occurred (p=1.0). Also, there was no
significant difference in the distribution of haemorrhagic and ischaemic lesions over the right
and left cerebral hemispheres (p=0.72 for both). Bilateral lesions were present in 11 patients
(5.9%) and posterior fossa lesionsin 3 patients (1.6%). Altogether 16.1% of the patients had a
haemorrhagic or ischaemic lesion during or after ECMO treatment. In the survivors, 3.3% had
a cerebral haemorrhage, while 6.6% had an infarction.

There was no relation between diagnosis and the occurrence of haemorrhagic or ischaemic
lesions (p=0.09 and p=0.36, respectively). Infants with and without cerebral haemorrhage did
not differ on gestational age (276+16d versus 271+18d; p=0.31) or birth weight (3287+671g
versus 3343+577g; p=0.77). Also infants with and without ischaemic lesions were
comparable on gestational age (275+16d versus 281+15d; p=0.13) and birth weight
(335315869 versus 3357+575¢g; p=0.91).



Table 4. Localization of cerebral haemorrhagic and ischaemic lesions

Haemorrhage Nr Survi val Withdrawn Infarction Nr Survival
L eft hemisphere 5 2 3 L eft hemisphere 3 0
Right hemisphere 3 1 2 Right hemisphere 5 4
Bilateral 3 0 3 Bilateral 8 6
Posterior fossa 2 2 0 Posterior fossa 1 0
Total 13 5 8 Total 17 10

Nr: number, withdrawn: patients from whom ECMO treatment was withdrawn because of the cerebral lesion that

occurred

Patent ductus arteriosus

Although echocardiography investigations were not performed routinely during or after
ECMO, 8 patients (4.3%) were found to have a patent ductus arteriosus with left-to-right
shunt, which was considered to be haemodynamically important. Six of these patients had a
diagnosis of CDH. In 5 patients the patent ductus was detected during the ECMO run and in 3
it was detected afterwards. The ductus closed with conservative treatment (fluid restriction
and adequate oxygenation) in 3 patients, it was ligated in 4 patients and in 1 patient it was
closed with indomethacin.

DISCUSSION

Number of patients

We treated 186 patients between 1989 when ECMO treatment in the Netherlands was
introduced, and 2003. As we only had 1 set of ECMO equipment until 1995, the annual
number of patients treated with ECMO has remained fairly constant. Other ECMO centres
have reported a decrease in numbers since the introduction of new treatment modalities, such
as surfactant administration, high frequency ventilation and nitric oxide inhalation (9-12). The
worldwide annual number of neonatal respiratory ECMO runs peaked in 1992 at 1517
treatments, but decreased to 853 treatments in 2001 (13). The constant number of patients
treated over the years at our centre is possibly explained by an increase in referrals from other
neonatal intensive care units after the official recognition of ECMO centres in the
Netherlands.
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The proportion of newborns with idiopathic respiratory distress syndrome (IRDS) worldwide
has decreased markedly from 15% in 1988 to 4% in 1997. As a consequence, the proportion
of CDH patients has increased from 18% to 26% (12). In our population, there were only 2
patients with IRDS; the last one was treated in 1998. MAS was the most frequent indication
for ECMO treatment in our group, which is in agreement with the international literature (12).
Wilson et a reported changing patient demographics in the ECMO population and suggest an
increasing need for cardiac ECMO (9). This is supported by the ELSO data: 165 cardiac runs
in 1990 compared to over 500 in 2000. Over the past few years, we have treated 12 cardiac
patients apart from the 186 newborns with respiratory failure described here, mainly
following cardiac surgery. With the increasing complexity of cardiac surgery, in our ECMO

centre we can confirm the trend suggested by Wilson.
Survival rates

Survival ratesin our group are comparable with those reported by other centres and registered
by the ELSO. In our CDH group, survival of patients with a prenatal diagnosis born at a 3¢
level centre was comparable with that of the group born elsewhere However, confounding
factors can have been present. In the Netherlands, there is no routine prenatal screening
programme. Thus, the prenatal diagnosis of CDH is mainly made on the basis of incidental
screening for other diseases, or on so-called ‘fun scans. Consequently, these cases are not
necessarily the ones with the most severe CDH abnormalities and worst outcome. The fact
that only a minority of the CDH patients were detected prenatally also determined the place of
birth and might have influenced surviva in relation to birth location as well. Also, it is not

clear which percentage of the CDH patients, born in other centres, were referred for ECMO.
Age at the start of ECMO

Significant differences were found between the different diagnoses groups in the postnatal
age at which ECMO was started. In CDH patients, ECMO was started earlier than in al the
other diagnosis groups while in MAS patients it was started earlier than in patients with
PPHN. Schoeman et al reported that the median age at the gart of ECMO in CDH patients
was 2 days (14). The fact that in the CDH group all the patients except for one were on
ECMO on the third day of life in our opinion confirms the presence of respiratory
insufficiency at an early stage in many CDH patients and necessitates the early referral of
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these patients. This is supported by our previous study on ECMO criteria in CDH patients.
Our group suggested that ECMO should be started earlier than is currently stipulated in
classica ECMO criteria (5). Kossel et a stated that in newborns pretreated with high
frequency ventilation and nitric oxide inhalation the decision to start ECMO based on an
OI>40 needs to be adapted to an O1>25 after 72 hours of such treatment (15).

ECMO run time

There was no significant effect of diagnosis on ECMO run time. However, ECMO run time
was significantly increased in non-survivors compared to survivors, with a difference in the
mean ECMO run time of amost 60 hours. Apart from the difference in ECMO run time,
survivors and non-survivors differed in birth weight and entry diagnosis, as was also
described by Stolar et al (14).

Causes of death

Watson et a described that the major cause of death in ECMO patients is the underlying
disease process leading to cardiopulmonary failure and tat mortality is not affected by
technical complications (16). We also observed this in our patients. Short and Walker stated
that the magjor cause of death in infants who are receiving ECMO is cerebral injury (17). In 8
of our patients, ECMO was withdrawn because of severe intracranial haemorrhage at a time
when they were not actually weanable and therefore died. In this study, the cause of death in
these patients was then classified as intracranial haemorrhage. Late death, more than 6 weeks
after ECMO treatment, can occur especially in CDH patients. Schoeman et a reported five
late deaths, secondary to chronic lung disease (n=3) and infection (n=2) in 11 CDH patients
treated with ECMO (18). In our group of CDH patients, we had 2 late deaths related to the
underlying disease. Patients with i-PPHN may have underlying diseases, such as Sp-B
deficiency, ACD and congenital pulmonary lymphangiectasia, that are not treatable with any
form of therapy (19-22). Four of the 5 deaths in our i-PPHN group were due to these diseases:
3 from ACD, 1 from Sp-B deficiency. There were 5 sets of siblings with ACD in the 45
patients described by Tibbals and Chow, which suggests that the disease can have a genetic
basis (23). We had 2 siblings with ACD, one was treated with ECMO and one was not. In
patients with ACD, oxygenation status improved during ECMO, but this did not lead to their
survival (20,21). Sp-B deficiency is aso considered to be lethal; it is usually caused by a
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121ins2 mutation in the Sp-B gene. Ballard et al described a patient with a form of Sp-B
deficiency that had a milder course. This patient demonstrated a point mutation in exon 7 of
the Sp-B gene (24).

Complications

ECMO treatment has potentially severe complications. The most important are haemorrhagic
complications. It has been suggested that these are related to the administration of heparin and
to an increase in fibrinolytic activity after the initiation of ECMO (25). Heparin is
administered because the contact of blood with foreign surfaces causes activation of the
clotting system. Despite the use of heparin, thrombus formation still occurs. Nineteen per cent
of our patients showed signs of disseminated intravascular coagulation. Glass et a reported
that about 50% of the patients that died after ECMO treatment had haemorrhagic
complications (26).

We also observed haemorrhagic complications, especially in CDH patients. In these patients,
the defect in the diaphragm is closed during the ECMO run and bleeding may occur from the
surgical site. Haemorrhages can be so severe that the ECMO run has to be ended to control
the blood loss. If this is necessary before the underlying respiratory problem has been
completely resolved, the patient will die of respiratory failure. The introduction at our centre
of the anti-fibrinolytic drug tranexaminic acid in the peri- and early post-operative phase to
CDH patients resulted in a significant decrease in haemorrhagic complications (27).
Mechanical complications occurred less frequently and could always be solved. Owing to the
invasive character of this treatment with the insertion of catheters into blood vessels and
decreases in plasma immunoglobulin concentration, there is an increased risk of infections
(28,29). Cultures were positive in 11% of our patients but many more were suspected of
having an infection based on laboratory investigations and clinical symptoms.

Infections may contribute to rebound pulmonary hypertension and multi-organ failure and are
a risk factor for nonsurvival (30,31). Steiner et a found that the risk of acquiring a
nosocomia bloodstream infection on ECMO was increased in patients treated for longer than
10 days (32). Other important factors related to death were haemodynamic instability,
presenting as metabolic acidosis, and cerebral haemorrhage. Cheung et a demonstrated that
plasma lactate levels and a low pH were both related to death and neurodevelopmental
disability or delay (33). Low surviva rates in patients with a cerebral haemorrhage are
partially determined by the withdrawal of ECMO therapy to prevent progression of the
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haemorrhage during heparin administration or because it is expected that the patient has a

poor prognosis.

Cerebral lesions

Lazar et a reported a range of between 10 and 35% for intracrania lesions, while Bulas et al
mentioned an incidence of even 52% for intracranial haemorrhage and infarction (34,35). In
contrast, the EL SO registry documented 9.2% for central nervous system infarctions and 5.4%
for haemorrhages (13). The latter rates are comparable with our data. We did not find a
predominance of cerebral lesions in either hemisphere. Some authors found differences
between the left and right hemispheres, whereas others did not (36-42). Haemorrhages in the
posterior fossa have also been described by others (40,42,43-45). Severa authors found that
the majority of cases of intracranial haemorrhage occurred within 72 hours after the start of
ECMO (43,46,47).

It has been reported that preterm infants and infants with a low birth weight treated with
ECMO are at increased risk for intracranial haemorrhage (42,48). However, in our group
there was no difference in gestational age or birth weight between the patients with and
without intracranial haemorrhage. Bulas et & found that an increase in time spent on ECMO,
increased the risk for ischaemic lesions (42). This could not be confirmed in our group
(ischaemic lesions: 161+65hrs, others 162+67hrs, p=0.85, unpared t-test). They aso
observed an increased risk of haemorrhagic lesions in sepsis patients and an increased risk of
non-haemorrhagic lesions in CDH patients. These findings were not confirmed in our
population. In addition, we also could not demonstrate a relation between ischaemic lesions

and gestational age or birth weight.

Patent ductus arteriosus

As mentioned above we did not study the presence of a patent ductus arteriosus with left to
right shunt systematically during ECMO. However, 5 patients were found to have a patent
ductus with left-to-right shunt during ECMO and 3 more afterwards. In these latter patients, it
is likely that the ductus was present during ECMO treatment. In an earlier study on 29
newborns, we observed a patent ductus with left to right shunt in 62% at some time during the
ECMO run. These patients had a significantly longer ECMO run time than the patients
without a ductus with left to right shunt (49). Also the potential stealing effect on the cerebral
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circulation of a patent ductus with left to right shunt warrants further studies on this theme

(50). Furthermore, it is not clear how a haemodynamically important ductus arteriosus should

be treated, conservative, surgically or with medication.

CONCLUSION

ECMO is a rescue treatment for newborns with severe respiratory insufficiency. It improves

survival rates in a selected group of patients. However, the occurrence of complications

impairs the outcome.
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ABSTRACT

The morphology of persistent pulmonary hypertension in the newborn is represented by
increased media and adventitial thickness in the lung vasculature. This study describes the
morphometry of the lung vasculature after extracorporeal membrane oxygenation treatment in
newborns with persistent pulmonary hypertension due to meconium aspiration syndrome,
sepsis, or idiopathic.

Three groups were studied: newborns with persistent pulmonary hypertension treated with
extracorporeal membrane oxygenation (n=9), newborns with persistent pulmonary
hypertension not treated with extracorporeal membrane oxygenation (n=12), and age matched
controls without persistent pulmonary hypertension of the newborn (n=11). Formalin fixed
and paraffin embedded lung specimens obtained at autopsy were stained with Elastic von
Gieson or Masson trichrome staining followed by morphometric measurements. In intra-
acinar arteries with an external diameter less than 150 um, the arterial medial, adventitial, and
total wall thickness, expressed as percentage of the external diameter, and their cross sectional
areas were calcul ated.

Newborns with persistent pulmonary hypertension, compared to controls, demonstrated an
increased percentage of medial thickness, percentage of adventitial thickness and percentage
of total wall thickness and an increased medial, adventitial and total wall cross sectional area.
Newborns treated with extracorporeal membrane oxygenation, compared those not treated so,
showed a decreased percentage of medial thickness and medial cross sectional areain arteries
with an external diameter less than 75 um, and a decreased percentage of medial thickness
and a decreased medial, adventitial, and total wall cross sectional area in arteries with an
externa diameter between 75 and 150 pm.

Extracorporeal membrane oxygenation treatment for persistent pulmonary hypertension of the
newborn, due to meconium aspiration syndrome, sepsis, or idiopathic, reduces the abnormal
morphometry of the small intraacinar arteries. The underlying mechanisms contributing to

this improved morphometry are yet unknown.
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INTRODUCTION

The clinica syndrome of PPHN is characterized by central cyanosis due to right-to-left
shunting through the oval foramen and/or ductus arteriosus (1). Right-to-left shunting
develops as consequence of persistence of a high pulmonary vascular resistance. Classically,
and mainly based on morphologic data, three different anatomic types of lung vascular
abnormalities have been documented in case of PPHN; underdevelopment, maldevelopment
and maladaptation (2-4). First, underdevelopment of the lung vasculature in combination with
hypoplasia of the lung occurs in CDH. The second type of pulmonary vascular abnormalities
is present in madevelopment of pulmonary vessels in utero, like in MAS and i-PPHN.
Finally, vascular abnormalities can be present in maladaptation of the pulmonary arteries to
postnatal life, where there is a failure to decrease pulmonary vascular resistance after birth,
like in sgpsis and pneumonia (2,3,5).

Despite the different aetiologies, the lung vascular morphology in al three forms of
pulmonary hypertension in newborns is similar, showing an increased medial and adventitial
thickness (3,5-9). In MAS, +PPHN, and sepsis the number of intra-acinar arteries is normal
and the vessels have a normal external diameter (ED). There is however extension of the
muscle coat into normally nontmuscular arteries (5,7,10). However, in CDH the situation is
far more complicated because of lung hypoplasia with a decreased number of bronchia
generations in which the vasculature is also hypoplastic with a decreased number of intra-
acinar arteries. These intra-acinar arteries have a decreased ED in which the media wall
thickness is increased. Extension of the muscle coat in the smaller arteries can either be
normal, or increased to distal into normally non muscular arteries (2).

The treatment of PPHN consists nowadays of a combination of different therapies including
artificial ventilation, either conventional or high frequency oscillatory ventilation, inhalation
of nitric oxide, and recently the use of phosphodiesterase inhibitors like sildenafil (4,11-13).
ECMO can be used as a rescue treatment for PPHN, when conservative therapy fails (14).
Generally, the effect of ECMO is described as ‘lung rest’ (15-17). Although the beneficial
effect of ECMO with regard to changes in the pulmonary vasculature is unclear, it is thought
that ECMO therapy “breaks’ the circle of increasing pulmonary hypertension and right-to-left
shunting (18).

In a series of CDH cases that, following successful decannulation from ECMO, died 12-48
hours later because of therapy resistant or recurrent pulmonary hypertension, our group
formerly found a decrease in adventitial thickness of small pulmonary arteries after ECMO
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treatment. The medial smooth muscle cell (SMC) hyperplasia was however not altered (8). As
described, the vascular changes in CDH patients can be different from those in patients with
MAS, sepsis, or FPPHN. To our knowledge the effect of ECMO treatment in newborns with
pulmonary hypertension due to MAS, sepsis or idiopathic has not been documented in a
systematic way before. We hypothesized that ECMO has an effect on the abnormal
morphology of the vascular wall in patients with pulmonary hypertension (2,3,5). We studied
the morphology of the lung vasculature after ECMO treatment in patients with PPHN due to
MAS, sepsis or idiopathic, and compared this with patients with PPHN that were not treated
with ECMO and control patients without PPHN.

PATIENTS AND METHODS

