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Foreword

Perinatal medicine is among the most challenging and
beautiful areas of study and practice. It deals with
events before birth, when the fetus is a patient and
during the immediate neonatal period. The World
Association of Perinatal Medicine is dedicated to the
study of all aspects of perinatal biology, physiology,
screening, diagnosis, management and ethics, with
the goal of continuous quality improvement in the
care of maternal, fetal and neonatal patients.

This textbook is based on a previous work that was
produced by the European Association of Perinatal
Medicine in 1998. Because perinatal medicine is now
a global area of study, it is appropriate that the current
textbook is a product of the World Association of
Perinatal Medicine. The bonds that link perinatolo-
gists together transcend geographic, political, reli-
gious and lingual differences, resulting in a
globalization that optimizes clinical care.

This textbook consists of over 200 chapters divided
into 20 sections, which span the depth and breadth of
the field. Beginning with the history of perinatal med-
icine and ending with the challenges facing this spe-
cialty in developing countries, this book is a
comprehensive text designed to provide insight and
guidance to clinicians throughout the world with
state of the art information, written by the world’s
leading perinatologists.

We are grateful to the authors of the 205 chapters
and the editors of the 20 sections, who have worked
so diligently with us to produce this textbook, which
we believe bears testament to the importance and
success of international collaboration in perinatal
medicine.

Asim Kurjak
Frank A. Chervenak
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Birth and youth of prenatal
and perinatal obstetrics*

E. Z. Saling

Introduction

Singular observations of the infant in the prenatal
period, as well as the first elementary attempts at diag-
nostics and therapy, stretch back over generations,
centuries and up to thousands of years. However, until
the beginning of the 1960s, the only possible method
of clinical ‘assessment’ of the intrauterine patient,
apart from the fetal movements observed by the
mother herself, was auscultation of the fetal heart
beats with a simple stethoscope. The following state-
ment made in 1966 by two English pediatricians
Dobbs and Gairdner in an editorial in Archives of
Disease in Childhood aptly sums up the situation:

Up to now the formidable inaccessibility of the
human foetus has meant that foetal medicine
(apart perhaps from foetal electrocardiography
[author’s note: which was in a basic experimen-
tal state and should not be mistaken for cardio-
tocography.]) has virtually not existed. In an age
when man has been able to measure most things
from an atom to a galaxy, it is thus paradoxical
that to measure his own size during the most
critical and precarious period of his life, he still
has to depend upon the extreme fallibility of the
palpating hand.

Thus, today we can draw the following conclusion:
systematic exploration of the intrauterine space
during pregnancy and labor did not start until the
1960s. This, therefore, can be considered the begin-
ning of prenatal medicine and the related clinical
subspecialty ‘prenatal and perinatal obstetrics’.

According to Dobbs and Gairdner, four innovative
techniques brought about the real breakthrough. They
stated:

With the advent of the techniques of amnioscopy
and foetal blood sampling and of amniocentesis
and foetal transfusion, we witness the end of the

long period of foetal inaccessibility, and we
hopefully believe the start of the science of foetal
medicine.’

Amniocentesis and fetal transfusion

As far as we have been able to ascertain, the first
report about amniocentesis appeared in 1881 by
Lambl, as a means of decompressing a hydramnion.?
In 1930, Meness et al. performed the first amniogra-
phy.® Not until 70 years after Lambl’s first amniocen-
tesis was this technique used by Bevis in 1952 for
diagnosing Rh erythroblastosis.* This was an impor-
tant prerequisite for both spectrophotometric analysis
of amniotic fluid® and the first trials involving the
treatment of the preterm fetus with severe Rh dis-
ease,’ developed by Liley in Australia. Liley is espe-
cially renowned for the development of his ‘Liley
Scheme’, which has been used as a nomogram for
bilirubin limits. With this method, clinicians were
provided with information enabling them to decide
whether the fetus should be treated by intra-abdomi-
nal blood transfusion or if the pregnancy should be
terminated when the fetus was sufficiently mature, in
order to perform an exchange transfusion immedi-
ately postpartum. Today, amniocentesis is one of the
standard techniques used in various fields of prenatal
obstetrics.

Intrauterine transfusion, developed by Liley in
1963,° was used in cases of severe Rh erythroblasto-
sis. This measure is one of the very first milestones
of prenatal obstetrics in so far as it was the first real
breakthrough in intrauterine, i.e. fetal, therapy. The
effectiveness of intrauterine transfusion can be
explained by the fact that the fetus resorbs through
its peritoneum the compatible donor blood that is
injected into the peritoneal cavity. Gradually, the
donor erythrocytes reach the fetal blood circulation
via the ductus thoracicus.

*This chapter covers a period of limited time and has therefore been taken over unchanged from the first edition

XXV



xxvi  Birth and youth of prenatal and perinatal obstetrics
Vena cava
caudata
Umbilicus
Umbilicus
\‘ ‘
Figure 1.1 Two options using the two-catheter technique for exchange transfusion in a newborn: infusion and simultaneous

exfusion to and from the aorta (left) and infusion into the venous system and simultaneous exfusion from the aorta (right).

In the meantime intrauterine intraumbilical
transfusions have been performed since 1986 mainly
with the help of ultrasound’ and even intracardial
transfusions have been described.?

Fetal blood sampling

Of broader clinical importance, fetal blood sampling
during labor — as a method of daily routine in the
labor room - was the main step initiating the start of a
completely new medicine, which up to that point was
non-existent.

Before the introduction of fetal blood analysis
(FBA), we were using other techniques, which, subse-
quently, brought us nearer this special new field.
Several of the progressive steps described have been
achieved by us as clinically engaged obstetricians.
Today, these activities seem rather curious in so far as
such efforts have belonged to the domain of neonatol-
ogists for some decades.

At the end of the 1950s we started examinations to
determine the most effective method for resuscitation
of an asphyxiated newborn immediately after deliv-
ery. At that time, the thorax compression methods,
mouth-to-mouth respiration, intragastric O, insuffla-
tion and various other methods were still being used.’
We came to the conclusion that most of these methods
were not effective enough.’ This motivated us to
develop equipment for endotracheal O, respiration
and we began to prove its efficiency. One component
of the equipment was a laryngoscope for newborns,
which, according to a recent recommendation in a

textbook of anesthesiology,'’ is particularly suitable
for the intubation of very small premature newborns.

An important development was that for the very
first time we had been successful in catheterizing the
aorta of the newborn immediately after delivery via
the easily accessible umbilical arteries.'> We used this
method for a new two-catheter technique (Figure 1.1)
of exchange transfusion in erythroblastotic new-
borns'® and, in addition, we withdrew samples for
blood analysis from the central circulation of the
asphyxiated newborn to prove the efficiency of the
different techniques of resuscitation.’® For these
examinations, in cooperation with K. Damaschke, we
developed a fast micromethod in order to determine
the oxygen saturation in very small blood samples.™

A decisive step forward was the idea of withdraw-
ing fetal blood samples from the presenting part of the
fetus in cases of Rh erythroblastosis, thus enabling
us to perform, before delivery, the most important
serologic and hematologic examinations, such as the
Coombs test, hemoglobin concentration, hematocrit
and the blood group. This resulted in important
progress in some cases of severe Rh erythroblastosis as
it enabled us to begin exchange transfusions shortly —
in six cases, 5—10 min — after delivery."

The fast O, microanalysis, which had recently been
developed, and the knowledge that blood samples
could be taken so easily from the skin of the presenting
part of the fetus provided us with the additional idea of
performing fetal blood gas analyses. This was the birth
of FBA. Almost at the same time, equipment for mea-
suring pH in micro blood samples was developed and
we were also able to examine fetal acid-base balance.
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The first FBA during labor with pH and O, saturation
measurement and pCO, calculation was performed on
June 21, 1960. This was the first documented direct
approach to the human fetus before birth.

Information on FBA was first published in the form
of a report of a lecture presented at an official meeting
of the Berlin Society of Obstetrics and Gynecology in
1961."° The first original article appeared in a journal
in 1962." In 1984, the latter publication became a
so-called ‘citation classic’ of Current Contents after it
had been identified by the Institute for Scientific
Information in Philadelphia as one of the most cited
items in its field.

Only a day later, on June 22, 1960, a blood sample
for FBA was taken from the buttock of a fetus. In addi-
tion to the FBA during labor for the first time, for clin-
ical purposes we performed an acidity measurement
in blood from the umbilical artery and vein of this
infant. Thus, the complementary assessment of the
newborn by also measuring the pH in umbilical ves-
sels, employed by many obstetricians today, was also
created. The best routine assessment of the newborn
immediately after delivery is achieved by the Apgar
score for the basic clinical status, combined with our
acidity values giving information about the biochemi-
cal status of the newly born baby. Historically, the two
above-mentioned days were of special importance in
the field of combined examination of the acid-base
balance in the fetus and neonate immediately after
delivery. The way in which we practiced the method
can be seen in Figure 1.2, in which the rubber stamp
used in the labor room is described. The first publica-
tions describing the combined diagnosis of the new-
borns’ condition, using the modified Apgar score as
the clinical (physical) part and our acidity score as the
biochemical part with the recommendation for rou-
tine clinical use, appeared in 1965'® and 1966' in
German as well as in 1968%° and 1974*' in English.

FBA received international attention through the
activities of the Montevideo group. Joseph Bieniarz, a
coworker of Roberto Caldeyro-Barcia for many years,
with knowledge of the German language, undertook
the task of reviewing German scientific literature. In
this way, our first publication on FBA in 1962' and
our studies published later in 1963** concerning nor-
mal fetal blood gas and acid-base values during labor,
of which actual pH values (Figure 1.3) were the most
important, aroused particular interest in Montevideo.
In 1964, Roberto Caldeyro-Barcia, who unfortunately
passed away on November 2, 1996, organized a his-
toric meeting. The invited guests were Stanley James,
Edward Hon, Fred Kubli and myself. A photograph of
the main participants and a short report on this inter-
national symposium can be found in the Editor’s
Preface in the first issue of the Journal of Perinatal
Medicine.”® After this meeting, FBA also attracted
attention in North America and was introduced step
by step in many places, its importance becoming
accepted clinically and for research purposes.

Summary of fetal and neonatal condition

ante partum: hr min
UA MSc SSc

act. pH

pH qu 40

Figure 1.2 Rubber stamp for summary of all results obtained
concerning fetal and neonatal assessment.'®?° In the first
column the time in hours and minutes, actual pH and pH qu 40
(pH after equilibration of a blood sample with 40 mmHg pCO,;
this pH expresses the metabolic acidity and can directly
be compared with actual pH values) of the lowest fetal blood
pH measured during labor are recorded and in the second
column (UA), the umbilical arterial actual pH and pH qu 40
immediately after delivery. The points achieved in our main
score (MSc), a modified Apgar score, and in a subsidiary scoring
system (SSc) are recorded in the left and right hand boxes,
respectively. The subsidiary score contains the timed first breath,
the first cry, the regular respiration and pink flash after delivery
and is more objective and more reliable than the Apgar score.

J
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Figure 1.3  Actual pH values of fetal scalp blood samples and
of blood from umbilical vessels during different stages of normal
labor (x & 2 s). Cx, cervix dilatation (cm); Il, second stage; Pf,
presenting part on pelvic floor; Po, on pelvic outlet.'®%°

Amnioscopy

Another procedure that was developed at the begin-
ning of the 1960s and which immediately became
widespread is amnioscopy, a report on which was first
published by us in 1962.%* This procedure is based on
the fact that hypoxic risks to the fetus in late pregnancy
progress very slowly in most cases and that in more
than 99% of these fetuses, passage of meconium actu-
ally occurs, which can then be detected amnioscopi-
cally (see below). A further advantage of amnioscopy is
that amniotic fluid remains green for several days, and
therefore it can safely be diagnosed by amnioscopic
checks at intervals of 48 h. Amnioscopy continues to
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Figure 1.4  Our first concept of the oxygen-conserving-adaptation of the fetal circulation.?®*” Left: Normal arterial supply, with full
oxygenation, to heart, brain and all other parts. Right: Reduction of oxygen supply leading to vasoconstriction in the extremities,
abdominal viscera and lungs. Local hypoxemia leads to anaerobic glycolysis.

enjoy widespread popularity, particularly in countries
with limited financial resources, because it is simple to
use and does not require a great deal of equipment and
takes only a short time. Furthermore, amnioscopy, as
already mentioned, is very reliable in its early selection
of fetuses at chronically advanced hypoxic risk. The
method fails if a fetus with amnioscopically clear amni-
otic fluid, i.e. no passage of meconium, should die.
This happened only eight times in more than 12,000
supervised high-risk pregnancies, i.e. only 0.6/1000.*

Some pathophysiological backgrounds that gave
amnioscopy such a high diagnostic reliability are
based on common circulatory reactions special to the
fetus and can be explained by the concept we devel-
oped in 1966, namely, the O,-conserving adaptation
of the fetal circulation.*®*”

This concept, now more than 30 years old, repre-
sents the basic principle for the Doppler diagnostics
used today (Figure L1.4). Our explanation in the 1960s
was that the borderline oxygenated fetus reduces its O,
consumption by restricted circulation of those organs
that are not of vital importance and increases, rela-
tively, the circulation in the vital organs such as brain
and heart. Reduction of different areas of circulation
has been found by Dawes in many animal experimen-
tal studies.?®*® According to our concept, the intestinal
organs are also affected, where the intestine reacts
with hyperperistalsis. As a result, there will be a pas-
sage of meconium with high certainty during the last
4-6 weeks before the date of birth, which can be easily
detected via amnioscopy.

The results of Doppler ultrasound investigations
initially achieved by Arabin et al. in our Institute as
early as 1987°° provided an interesting new confirma-
tion of our O,-conserving adaptation concept, at this
time already 20 years old. In severely growth-retarded
fetuses even when a loss of enddiastolic blood flow
velocities had already occurred in the umbilical artery
and in the fetal aorta, there was an increase in the end-
diastolic flow in the common carotid artery. Since
then many further confirmations have been published
in the same direction.

Many years after our publications the new term
‘brain sparing effect’ appeared in the Anglo-American
literature. This was certainly regrettable as the col-
leagues who created this new term and ‘rediscovered’
the known principle overlooked two decisive facts:

(1) There was already a more appropriate term,
which had been in existence for many years,
without the necessity of formulating a new one.

(2) The new term, as far as it went, was incorrect
since the pathophysiological situation concerned
contains not only a ‘brain sparing’ but also a
‘heart sparing’ effect and possibly also sparing
effects on other organs, for instance, the adrenals.

Some of the following comments about ‘birth and
youth of pre- and perinatal obstetrics’ are mainly
based on our previous report about ‘historic landmarks

of perinatal medicine in obstetrics’.*!
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Cardiotocography

In 1968, 8 years after FBA was introduced, car-
diotocography also became available for clinical use.
Cardiotocography is one of the important landmarks
in prenatal obstetrics. Historic steps lead back to
Pestalozzi, who in 1891 recorded the heartbeats of a
twin in breech presentation with a sphygmograph®*
and also Hofbauer and Weiss, who recorded the first
phonocardiogram in the year 1908.* Cremer was
successful in designing the first electrocardiogram in
1906.** The first continuous cardiotachogram, con-
ducted from an anencephalic fetus, was described by
Caldeyro-Barcia and coworkers in 1958.%> The elec-
trode was inserted into the rump of the fetus through
the abdominal wall of the mother, using the harpoon
principle. The same principle was successfully used
by Rech in 1931 in animal experiments.*

In 1966, with his ‘one-poled’ silver—silver chloride
electrode (CLIP-electrode), that could be inserted vagi-
nally, Hon introduced direct fetal electrocardiotocogra-
phy during labor.*” An electrode is fixed on the fetal
head; a second counter-electrode lies in the vagina
where it is in contact with the mother. The spiral elec-
trodes most widely used were developed by Junge
in 1967.% All these recordings of the fetal heart rate,
combined with the recording of the intrauterine
contractions, pioneered by Caldeyro-Barcia and Hon,
required the use of very complicated equipment and
could, therefore, only serve experimental and scientific
considerations. The real breakthrough leading to prac-
tical clinical usage came in the mid-1960s, when
Hammacher, in cooperation with Hewlett and Packard,
was successful in developing the cardiotocograph
(CTG), which is still known by the same name today.
The equipment was based on the phonocardiographic
principle and enabled the elimination of all disturbing
noises by electronically controlled comparisons of the
time interval between two successive first heartbeats
and two successive second heartbeats.* In this way it
was possible to achieve reliable, specific registrations of
the fetal heart rate. The first prototype of the equipment
for routine use was tested by Hammacher in Diisseldorf
in 1966. Widespread clinical usage started in 1968. The
first systematic comparisons between pathological
cardiotocograms and the acid—base balance of the fetus
were published by us in 1968.* Doppler ultrasound
cardiotocography found widespread popularity in the
1970s due to the simplicity of applying the wide-angled
transducer operating on the abdominal wall of the
mother. However, due to the considerable deviations
from the real beat-to-beat variability that sometimes
occurred, it was heavily criticized. It was not until the
beginning of the 1980s that ultrasound cardiotocogra-
phy was accepted in expert circles; this happened after
the industry — namely the Toitu company in Japan —
employed the so-called ‘auto-correlation principle’ in
1977, which made a recording available that was much
more in accordance with the beat-to-beat variability.

From the very beginning we have warned against
using cardiotocography as a single method and we
introduced the combined fetal monitoring during
labor for the first time by recommending the use of
both methods — CTG routinely and, if indicated
(abnormal CTG), additionally FBA. This was, already
in 1968, the start of combined electronic and bio-
chemical monitoring of the fetus.*® This kind of mon-
itoring remains the safest and most efficient way of
supervision of the fetus during labor, provided it is
used clinically according to our experience and to
the recommended strategy. In the meantime a great
number of papers have been published in which FBA
formed either solely or partly the subject matter. We
also contributed and tried to explain further basic
aspects, additional clinical findings and recommen-
dations as well as criticisms about misuse of modern
fetal monitoring during labor.*!~*

In connection with such a critical statement we
once gave a humorous, less scientific but impressive
and illustrative description of the advantages and dis-
advantages of cardiotocography in simple terms.** For
this purpose we took an example from nature:

The cardiotocogram situation can be compared
with the screaming of monkeys in the jungle: when
danger is imminent they always scream. When there
is a threat of hypoxia, the CTG is almost always sus-
picious or pathological. But monkeys have the typical
attribute of screaming much too often; especially
when there is no danger at all. The CTG often does
this too, in the figurative sense. It is suspicious or
pathological, but there are no real reasons to suspect
dangerous fetal hypoxia — as measurements of the
acid-base balance can clearly prove. This is unfortu-
nately the reverse side of cardiotocography which
many obstetricians either fail to recognize or push
aside with naive credulity. If the newborn are vigor-
ous after operative delivery — as regards their acidity
and clinical state — then many colleagues excuse their
management by saying that a hypoxia had just been
avoided by well-timed intervention. Anyone who per-
forms FBA, can give enough examples how often such
excuses are self deception or a misguidance to the
patient.

Unfortunately, too many clinicians and investiga-
tors did not follow the recommendations we had
expressed from the very beginning, namely not to use
cardiotocography as a single method to supervise the
fetus but to combine it with FBA when an abnormal
heart rate pattern appears. The adverse effects of the
last 30 years are well known. They range from the
polemic public discussions about fetal monitoring
to recent debate about the rare intrapartum origin of
cerebral palsy. We think most of such negative conse-
quences could have been avoided with the use of
combined electronic—biochemical supervision. So, for
instance, the argument that false estimation of ‘mod-
ern monitoring’ was the main reason for the wrong
conclusion, that cerebral palsy was so often caused by
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malpractice of obstetricians in the labor ward, is not
correct from our point of view. This misleading
assumption would never have been made if combined
supervision of the fetus during labor (CTG plus FBA) —
which has now been available for almost three
decades — had always been correctly used everywhere
as a standard method in routine practice, for the
pathogenetic contradiction (cerebral palsy without
proven hypoxia) would then have been obviously
recognized at the very beginning and not now after
almost 30 years.

Ultrasound scanning

Without doubt, one of the most important landmarks
of prenatal obstetrics is ultrasonic diagnostics. It not
only serves to supplement the typical attribute of the
obstetrician’s acknowledged palpatory skill, but in
many respects competes with it as an instrument of
equal or superior capability.

The ‘father’ of obstetrical and gynecological ultra-
sonic diagnostics is Ian Donald. Donald et al. in 1958
published the first scans of fetuses aged 14 gestational
weeks.*” Donald and Brown published pictures of a
hydatid mole, a hydrocephalus and the first prenatal
measurements of the biparietal diameter with the
help of the A-mode procedure in 1961.*® This was
the beginning of fetal biometry and the diagnosis of
gestational age later improved by measuring the
crown-rump length. Sonographic placental diagnos-
tics began when Gottesfeld demonstrated cross-
sectional pictures of the placenta.*>*° Important steps
forward were made in the diagnosing of malforma-
tions through the progress achieved in ultrasonic
techniques and by the detailed presentation of fetal
organs, particularly with the gray-scale technique
developed by Kossoff et al.”*

Sonographic vitality diagnostics started with the
first registration of fetal movements in the 7th week of
gestation by Donald,”® and also with the first registra-
tion of fetal heart movements with the help of the
Doppler procedure performed by Callaghan et al. in
1964.°% In 1967, Kratochwil and Eisenhut reported on
evidence of fetal heart actions in the 6th week of
gestation with the help of the A-mode procedure.**
In 1973, Reinold reported on qualitatively different
movement patterns of the fetus and their prognostic
value.?® In 1971, before real-time ultrasound had been
developed, Boddy and Robinson gave proof of fetal
thorax movements with the help of an A-scan.”®

Stimulated by studies resulting from animal exper-
iments by Dawes,” numerous systematic investi-
gations of fetal breathing movements, among others
by Gennser,”” were undertaken with the help of real-
time procedure. Studies on the complex behavioral
pattern of the fetus in early pregnancy were published
by De Vries et al.®® and on behavioral states in
advanced pregnancy by Nijhuis et al.”®

Blood flow measurements using the ultrasound
Doppler technique are a new landmark in prenatal
supervision. With the help of this technique it was
possible to make non-invasive measurements of the
uterine and fetal blood flow, which allow conclusions
to be drawn concerning the placental hemodynamics.
The first report on the use of the Doppler technique
for examining fetal blood flow in the umbilical artery
was published in 1977 by Fitzgerald and Drumm.®
Studies followed on the first measurements in the
umbilical vein, by Gill,** and on measurements of
blood flow in the fetal aorta, by Eik-Nes et al.®?
Campbell et al. presented a new important contribu-
tion in 1983 enabling us to measure the uteroplacen-
tal flow.®

Tocolysis

Another step forward during the ‘youth era’ was the
application of betamimetics to inhibit contractions.
The now classical term tocolysis was introduced by
Mosler in 1964.°* The use of tocolytics for prevention
of prematurity is now obsolete as prematurity is
caused mostly by ascending infection. At the present
time, the real task of tocolytic substances applied
antepartum is to postpone premature labor for a short
period of a few days to perform lung maturity treat-
ment of the highly endangered premature fetus.

There is no controversy as to the advantage of using
betamimetics during labor for intrauterine resuscita-
tion. The first clinical applications were undertaken
in 1969 by the Galdeyro-Barcia group® and shortly
afterward by Gamissans et al.®® and Esteban-Altirriba
et al.®” Tt has been confirmed that acute hypoxic com-
plications in the fetus can be relieved by the adminis-
tration of a relatively high dose of bolus injection or
an infusion to the mother. The use of tocolysis during
labor has also proved to be of clinical value in cases
with hypertonic or hyperactive uterine dysfunction.
Tocolysis has also led to considerable improvements
in the external version of the fetus from breech to ver-
tex presentation. Unnecessary cesarean sections can
be avoided using this method and a number of infants
are spared the risk of vaginal breech delivery. We per-
formed an external version near term under tocolysis
for the first time in 1974, published in 1975.%® The
method, when properly applied, does not provide
any serious risk to the fetus. Up to now, no infant has
died as a result of the use of this method in over 2000
versions performed in our department.

Cervical ripening

Further progress in modern obstetrics was achieved by
the introduction of cervical ripening by prostaglandin
application into routine practice by Calder in 1975,%
after Lippert had developed the prostaglandin gel
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principle in 1973 in this country for use in artificial
abortion.”® By means of general local administration
(extra-amnially, intracervically, intravaginally) of pro-
staglandin E, numerous operative deliveries can be
avoided in cases with an unripe cervix.

Lung maturation diagnostics

The clinical picture of ‘respiratory distress syndrome’
was first described by Hochheim in 1903.”! In 1947,
Gruenwald suggested that there was linkage with the
surface tension in the lungs.”” Clements called the
postulated component reducing the surface tension
‘pulmonary surfactant’ and discussed its central impor-
tance as an antiatelectasis factor in 1956.7 In 1959, for
the first time, Avery and Mead suggested a relation
between low surface activity and the occurrence of res-
piratory distress syndrome.”* Graven reported in 1968
on the determination of phospholipids in human and
monkey amniotic fluid and assumed an association
between a low concentration of phospholipids and the
probability of respiratory distress syndrome develop-
ing.”> Gluck et al. were able to prove a close relation
between the phospholipid content of the amniotic fluid
and fetal lung maturity. They started their work in 1968
and in 1971, published the most often cited study on
this particular subject.”®

Lung maturation therapy

Neonatal morbidity and mortality have been decreas-
ing during the past decades. The reasons for this are:

(1) There has been improvement in neonatal inten-
sive care, particularly in artificial respiration
techniques and application of surfactants.

(2) The widespread use of tocolytic substances has
enabled us to delay premature delivery until lung
maturation can be improved with the aid of various
drugs. The glucocorticoids hold the leading posi-
tion in this group.

In 1968, Buckingham et al. developed the hypothesis
that glucocorticoids promote fetal lung maturation —
on account of the stimulation of alkaline phosphatase
proved in experiments on animals.”” Liggins sup-
ported this hypothesis in 1969 with his observations
during artificial induction of labor: the lungs of pre-
maturely induced lambs that had been given gluco-
corticoids were clearly more mature than the lungs of
lambs of the same gestational age that had not been
treated in this way. He postulated, after this chance
observation, that glucocorticoids bring about an accel-
eration in the formation of surface-active substances
in the lung via enzyme induction.”

In 1972 Liggins and Howie, in their epochal
prospective study, were able to transfer the experience
achieved in animal experiments to human beings.”

The occurrence of respiratory distress syndrome after
antepartum administration of betamethasone to the
mother could be reduced from 24% to 4.3% compared
to the control group, who received no therapy.
According to Liggins and Howie, the preventive effect
of betamethasone is all the more efficient the lower
the gestational age (26—32 weeks).

General discussion and conclusions

The last part of this contribution is directed to further
historical facts, to some general views and to struc-
tural consequences. Basically, some points should be
taken into consideration when describing the history
of this new ‘prenatal medicine’ or ‘prenatal obstetrics’
as a whole. We believe that such a recapitulation is of
importance as our mainly foreign colleagues, particu-
larly the younger ones, no longer seem to be aware
how, where and when this new medicine started.

The foundation of scientific associations concerned
with this speciality developed accordingly. In 1967,
the first national society, the German Society of Perinatal
Medicine, was founded. One year later (1968), in
Berlin, we started the first international society, the
European Association of Perinatal Medicine.

The term ‘perinatal’ instead of ‘prenatal’ in the
German and European societies has been chosen
because, from the very beginning, we wanted to
achieve close cooperation with neonatologists. In fact,
it mainly concerned and represented the medical
progress that prevailed in the prenatal area and was,
for instance, reflected in 80-90% of topics of prenatal
medicine at nearly all German congresses in this field,
each of which attracted more than 2000 participants.

The Society of Perinatal Obstetricians in America
was founded in 1977 and represents one of the most
dynamic national societies in the world at the present
time.

During our lifetime not only has outer space been
opened up in such a spectacular fashion, but also on
a biological level an equally important development
has started rolling and has still by no means come to
a halt; I mean the medical exploration of our own
‘intrauterine space’, our ‘prenatal cradle’. Very few
people are aware of this fact.

A disastrous conclusion drawn by many influential
colleagues in our country and also in many other
places was to think from the beginning that we were
dealing with a special narrow and limited field — a
field of medicine of particular interest to only a few
colleagues and practiced mainly by the younger ones
from time to time. And so it was thought, based on the
conventional all-round structure of obstetrics and
gynecology as a whole and according to the status quo
ante, that all these revolutionary events could be
taken into consideration and the rotation principle
could still be maintained. The consequences of this
grave error of judgment continue, even today, to give
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cause for concern to a wide extent in some parts of
Europe.

Realization of structural consequences began at an
appropriately early stage in the United States. The set-
ting up of ‘Units of Maternal-Fetal Medicine’, begun in
1972, made successful the consequent use of the pre-
natal part of perinatal medicine within the framework
of the complete field of obstetrics and gynecology.

The term ‘fetal medicine’, which is still used today
in the form of ‘maternal—fetal medicine’, had probably
not been considered enough when it was introduced
at the very beginning for clinical purposes. Unfortu-
nately, it does not include the embryonic period,
which also belongs to our clinical competence. The
consequence is that other subspecialties have been
more aware of this and are using this term, for exam-
ple, in the name of their society, namely, European
Society of Human Reproduction and Embryology. We,
therefore, prefer the general term ‘prenatal medicine’,
which some colleagues use erroneously for only a
special subordinated field, mainly for diagnostics of
anomalies and some special therapeutic procedures
in early pregnancy. As an alternative, the term ‘pre-
and perinatal obstetrics’ would be appropriate, if
preferred.

On the basis of the enormous progress already
achieved in 1967, we recommended a structural
reform of the discipline in our country and the setting
up of units of modern obstetrics and prenatal medi-
cine.?” However, up to now many European university
departments, particularly in our country, do not have
such units. The consequences are depressing as
regards highly qualified research activities and our
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Memories of the World
Association of Perinatal

Medicine

S. Sakamoto

The First International Congress of Perinatal Medicine,
1991, was the first global meeting of scientists, clini-
cians, midwives and persons who are concerned with
perinatal medicine. Although academic exchange in
this field had been active on the regional level, this
congress was the first worldwide meeting of its kind
following agreement at the Rio de Janeiro FIGO meet-
ing in 1989.

How was the World Association
of Perinatal Medicine (WAPM) born?
Its history

On the occasion of the new publication on perinatol-
ogy, we had better look back at the history of the
international congress of perinatal medicine to know
how the WAPM started its activity.

Since the 1960s, there has been a scientific break-
through in perinatology, due to the remarkable devel-
opment of medical science. As a result, many
federations of perinatology were born: the European
Congress of Perinatology, first started in 1968, the
high-level scientific exchange system in the USA, the
Asia Oceania Federation of Perinatology (1979) and
the Latin—American Federation (1980s).

The idea of having an international-level body for
perinatal medicine came to the mind of the pioneers.
In Europe, Prof. E. Saling took up the initiative to set
up the international congress of perinatology, which
was unfortunately discontinued, and Prof. E. Cosmi
proposed the foundation of the international-level
federation on the occasion of the European Congress
of Perinatology, Rome, in 1987, and preparatory work
has just started. In 1989, on the occasion of the FIGO
Congress, Rio de Janeiro, Prof. R. Caldeyro-Barcia, a
famous perinatologist from Uruguay and former FIGO
president, had a meeting with the invited participants
from about 40 countries, around 70 doctors, for a dis-
cussion on how to set up the international body. The
objectives were unanimously approved, but it was
hard to decide on a method of setting up the proposed
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federation. Then I proposed ‘Let’s have one interna-
tional congress under a suitable person in a suitable
place, and at the end of the congress, Mr. Chairman,
you should have a general assembly and ask the
delegates again to vote whether the foundation of
an international body is necessary or not?” Prof.
Caldeyro-Barcia and all the participants agreed with
this idea and finally nominated me as the president
of the congress, requesting that the congress be
held in the autumn of 1991 in Tokyo. Preparation for
the congress was expected to be completed within
2 years.

The congress was held under the name of the
First International Congress of Perinatal Medicine,
in November 5-8, 1991, at the Keio Plaza Hotel in
Tokyo, and was attended by 1580 participants from
45 countries, and a total of 516 invited and oral and
poster papers were presented. It was a great success.
Prof. R. Caldeyro-Barcia chaired the general assembly
held immediately after the congress was over and
about 60 delegates from 45 countries attended. They
rated the first congress very highly and the founda-
tion of an international body the, World Association
of Perinatal Medicine, was unanimously accepted.

Thus, the WAPM was satisfactorily formed. All
members signed as founders. Annual fees, etc. were
carefully discussed, but as the discussion took time,
the chairman proposed the election of officers and
entrusted them with the preparatory work.

I was then elected as the first president of WAPM.
Other officers were also elected.

I thought the second congress should be held in
Europe and I proposed Prof. Cosmi as the president
and Rome as the venue. As Cosmi and I worked for
FIGO as members of the executive board, I knew he
had a strong wish to be the president of the congress.
Then, the chairman closed the session, with congrat-
ulatory remarks.

I believe that WAPM is really Prof. Robert
Caldeyro-Barcia’s legacy, just as FIGO, IFFS and
IAMANEH are called Hubert de Watteville’s legacy.
And the First International Congress was nominated
naturally as the first congress of WAPM.



Progress and development of fetal medicine up to the First Congress, 1991
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His Imperial Majesty Akihito’s
opening address

His Imperial Majesty Akihito kindly attended the
opening ceremony of the First International Congress
of Perinatal Medicine and welcome party with Her
Majesty Michiko.

The success of this congress, I believe, was due to
his speech, which was full of deep thoughts and stim-
ulating messages.

At the request of the sixth president of WAPM,
Prof. Kurjak, I quote here our emperor’s address:

It is my heartfelt pleasure to convene the First
International Congress of Perinatal Medicine in
Tokyo, where the East meets the West. Perinatal
cares, which address the safety and happiness of
mother and child, have always been pursued in
earnest by both obstetricians and pediatricians.
At last, in 1968, the academic outline of perina-
tal medicine, called perinatology was estab-
lished in Europe. Hence, perinatal medicine has
become new and important area in academic
fields. During the following two decades, with
remarkable advancements in science, important
discoveries were made, in succession, about the
fetus, which previously had been kept in a black
box. It is truly noteworthy that neonatology also
has become a brilliant specialty, and academic
findings are now vigorously exchanged in feed-
back between researchers. As a biologist, I fully
understand that perinatology in a broad sense
consists of maternal medicine, fetal medicine
and neonatology.

I am deeply impressed that scholars from
many specialties reached beyond their own ter-
ritories and exchange expertise to establish a
new academic branch, the core of which is new
life. I am convinced that deep reverence of life as
well as love of mankind has made it possible.
I would like to praise the pioneers and their
followers who gather here today.

When we reflect on the situation of mother
and child at a global level, we realize that the
achievements from advanced studies benefit only
people in advanced nations. I am pained to think
that young mothers, newborn babies and infants
in many developing countries where people face
problems associated with population explosion
do not benefit from the fruits of advanced stud-
ies. All lives, great or small, have an equal right
to enjoy happiness and maintain dignity. I pray
that you take that initiative to extend helpful
hands to these less fortunate people.

In this International Congress, not only
advancements from studies but also other efforts
are joined to spread reality-based information.
In that regard, the Congress will make great
achievements. It is my sincere hope that the
Congress will create a milestone.

The Emperor and Empress are extremely concerned
with perinatal medicine. His Majesty spoke with infi-
nite care to make sure no word was left unheard.
Everyone at the opening ceremony could not help but
be captivated by his Majesty’s warm personality. It
was the moment when people who have taken sepa-
rate ways to reach the peak of perinatal medicine
came together to achieve the ideas of the future.

Progress and development
of fetal medicine up to the
First Congress, 1991

Fetal care was initially developed to prevent fetal dis-
orders by improving obstetrical care related to labor
and delivery. It became clear that neonatal care, in col-
laboration with obstetrics and pediatrics, was essential
in obtaining a better prognosis in newborn infants,
which led to the establishment of perinatal medicine.
Since the 1960s, 20 years have passed. Perinatal med-
icine has achieved tremendous progress in safe care for
mother and child. Furthermore, as neonatal care has
developed to neonatology, fetal therapy is now becoming
a new scientific field — fetal medicine. However, looking
back, the scientific level at around 1980 was like this.

Development of perinatology

Experiments in perinatal medicine, such as patho-
physiology of the fetus and neonatal hypoxia and
metabolic analysis of thermogenesis of neonates, were
carried out during the 1960s.

Progress in fetal medicine

Progress in fetal therapy can be divided into three
phases according to therapeutic objectives. The first
decade, 1960-1975, is defined as a period of fetal
emergency care. Many trials were concentrated on
diagnosis of fetal distress (this word has since been
changed) and resuscitation of newborn infants.

The following decade, 1975-1985, was a period
of long-term management of abnormal fetuses during
pregnancy. The introduction of ultrasonographic
observation brought about new diagnostic techniques
in fetal inspection.

This decade, and the following 5 years (1985—1990),
brought a new era of fetal therapy in which we can
apply individualized diagnostic measures and thera-
peutic devices to different types of fetal disorders.

Establishment of fetal emergency care

Fetal emergency care was established by the progress
in fetal monitoring. Cardiotocography and chemical
diagnosis of fetal blood gave a very accurate diagnosis
of fetal distress. Biochemical analysis of maternal
hormone secretion and blood enzymatic distribution
also provided criteria for placental dysfunction. These
led to diagnosis of chronically affected fetuses.
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Therapeutic effects, caused by oxygen inhalation and
maternal infusion therapy, could be satisfactorily
evaluated and gave more accurate timing of emer-
gency care for the fetus. However, caution against
unnecessary management due to overdiagnosis was
advised elsewhere.

In this period, diagnostic criteria for fetal distress
by different methods were proposed by distin-
guished researchers. Pathophysiological diagnosis for
encephalopathy of the fetus and neonate, and fetal
endocrinology have become subjects of extensive
research.

Long-term management of fetus in utero

The second decade of progress in perinatology was
defined between 1975 and 1985. Progress in ultra-
sonic diagnosis of the fetus resulted in the second
advanced stage in fetal care. Abnormalities in fetal
growth could be accurately diagnosed by fetometry. In
addition, a cross-sectional view of the fetus gave us a
new indication for therapeutic measures, such as fetal
surgery, fetal biopsy, reproductive physiology, etc.

Blood flow determination by Doppler ultrasound
enabled us to monitor circulatory conditions in the
fetus. These contributed to long-term management of
the fetus in utero.

Congenital hydrocephalus develops rapidly around
the 28th week of gestation.

Close observation of cerebral thickness gives the
exact timing of induction of labor. Radical neuro-
surgery to construct permanent drainage followed by
delivery saves the baby from mental disorders.

Accurate diagnosis of placenta previa and precise
determination of fetal growth could be easily obtained
by ultrasonography.

Intrauterine blood transfusion, or even an exchange
transfusion through the umbilical vein when blood
incompatibility occurs, could be carried out by guided
catheterization under ultrasonography.

Genetic diagnosis done by amniocentesis, chori-
onic villi sampling and neonatal blood sampling,
developed during this period, was also one of the
remarkable advances in fetal medicine. Some of the
inborn errors of metabolism that affect the mental
development of the newborn, such as methyl maronic
acidemia or galactosemia, can be treated by maternal
administration of cyanocobalamin or a low-galactose
diet for the mother. Folic acid therapy has been
recommended to prevent fetal spina bifida.

A typical medical intervention in the handicapped
fetus with hydrocephalus is described as an example.
Enlargement of BPD was clearly shown ultrasono-
graphically. Progress of ventricular dilatation and
thinning of the cerebral cortex by CT were carefully
monitored along with fetal growth and maturation.

Our case was born at 36 weeks of gestation by
cesarean section followed by neurosurgery of contin-
uous drainage. Both the fetus’ maturation tolerance

to surgical stress and the prognostic limitation of the
ventricular enlargement were carefully taken into
consideration in determining the time of delivery.

By CT scanning, performed 1 week after surgery, a
remarkable reduction in ventricular size was noted.
The baby recovered smoothly and obtained normal
mental development at the age of 1 year.

Individualization in fetal therapy

Advances in bioengineering and molecular biology in
recent years contribute greatly to the scientific basis
of perinatal medicine. Feto-maternal interaction of
growth factors and endothelial functions of chorionic
villi gave basic consideration of the pathogenesis of
intrauterine growth retardation (IUGR).

Feto-maternal interaction was clearly demon-
strated by IGF-1 regulation in relation to fetal growth.
This is an example of research work picked up from
many works.

Production of IGF-1 is switched over from the
maternal liver to the placenta. Activity of IGF-1 in the
placental environment is regulated by the autocrine
function of the villi and paracrine function of villi
and decidua. The hPL and placental GH stimulate
IGF-1 and its binding protein production in the mater-
nal liver. Binding protein is also regulated by protease
from deciduas. These facts suggest that duplicate
cycle for IGF-1 regulation functions during pregnancy.
Fetal growth factors are independent of the maternal
side; however, they show their activity substrate
dependency on maternal transport of nutrients. IGFs
mainly have three types of structure, IGF-1, -2 and -3,
and they have different functions. Other growth fac-
tors concerning the fetal growth should be studied
carefully.

Coagulation and fibrinolysis system — thrombomoduline

This system is another example of the new approach
to analyze placental circulation in PIH. It became clear
that trophoblast has an endothelial function maintain-
ing smooth blood circulation in the intervillous space,
where most slow and complicated blood streams exist,
and easily forms infarction during abnormal condi-
tions, in cases such as PIH. Our data clearly indicated
decreased trophoblastic thrombomodulin activity in
PIH, which referred to endothelial function. This is
one of the explanations for the fact that remarkable
IUGR takes place in severe PIH. Endothelial function
in pregnancy is also an important field of study.

Fetal surgery

A direct therapeutic approach to the fetus, such as
catheter replacement and experimental trial of gene
manipulation, may lead to radical treatment in utero.
Open fetal surgery may lead to complete correction
of fetal anomalies. Direct catheter replacement in
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half-delivered fetuses with urethral obstruction at the
30th week through the incised uterine window was
first performed in 1990. The window was closed and
the amnion was supplied through a catheter. The baby
was successfully managed for a considerable period
in utero after surgery. Radical urethral reconstruction
was performed in the neonatal period. This shows
that fetal medicine is obtaining general consensus for
clinical use.

Several years ago, the international symposium
‘The Fetus as a Patient’ was held with the high expec-
tations by all perinatologists. Fetal medicine, which
started from emergency care of fetal distress 25 years
ago, is now able to apply total medical care to the
fetus. Our hope symbolized in “The Fetus as a Patient’
is now being realized.

Finally, I would like to conclude by saying,
‘Whenever, wherever, we have our hopes and dreams,
they will certainly be realized and bring a brighter
future in perinatal medicine’.

The above examples are samples of perinatal
research and treatment performed around the 1980s.
More developed research work had been performed by
the pioneers, but member of which were quite limited.

In this book the most developed data will be
described. You may find a dramatic development in
perinatal medicine in the period from 1991 until 2005.

Closing remarks

While the 20th century was the era of advance in
science and technology, with the emphasis on

physics, the 21st century is the era of chemistry and
the genome, and can be called the period of respect
for life and establishment of human dignity. People
who are sick or suffer from extreme poverty long for
the normalization of the quality of life and the life
worth living. It is our duty to deal with such evidence
and respond to the wish of those countless people.
Naturally, these actions require highly advanced sci-
ence and appropriate as well as reasonable means of
healing.

Medicine must not only be highly advanced but
must also bring peace to lonely souls. Life-long
education also is our own choice and duty, imposing
on our experience. Physicians must be always disci-
plined to be humble. Medical care should not be ruled
by temporal good intention or judgment, but should
aim at the future of humankind, especially of the
mother and child.

For the younger generation:

e What we should do, is taught by the mind and
body of patients.

e What we should not do, we learn from the history
of evidence, and valuable experience.

Last, I would like to close my remarks with my own
view for medicine, which was first proposed in the
1991 Congress.

May our international festival of academia be a
forum and an opportunity to turn human dreams
to hopes, and hopes to reality, thus bringing to all
humanity true peace and happiness. (1991)



Perinatal medicine in the
United States

E. J. Quilligan

It is always difficult to set a date as to when perinatal
medicine began in the United States. During the
1940s, 1950s and 1960s there seemed to be a signifi-
cant increase in research, both basic and clinical,
regarding the pregnant mother and her fetus. This
was fueled by the increase in federal grant funds, the
increased numbers of full-time faculty in Obstetrics
and Gynecology and the developing technology that
would allow measurement of hitherto inaccessible fetal
and maternal parameters. For example, the intrauterine
catheter allowed the development of a new under-
standing of the work required by the uterus during
labor and how abnormalities of the contraction pat-
tern may lead to abnormal labor." The development of
more sophisticated electronics allowed the recording
of the fetal heart rate throughout labor.?

Another factor important in the development of
perinatal medicine was the growing awareness that a
pregnant patient with medical complications, such
as diabetes, needed completely different care from a
non-pregnant diabetic. In the past it was usually the
case that the obstetrician managed the pregnancy and
an internist managed the diabetes. This occasionally
led to difficulties as the two physicians were not
working in concert. It was found that the well-
prepared obstetrician could manage both with better
outcomes for mother and fetus.

A more specific date can be set for the beginning
of the subspecialty of maternal fetal medicine in
the United States. The American Board of Obstetrics
and Gynecology, under the leadership of Gordon W.
Douglas, MD, organized a meeting in 1969 to deter-
mine the feasibility of subspecialty certification or
boards in Obstetrics and Gynecology.® I was fortunate
to chair the discussion on maternal fetal medicine. It
was the consensus of our committee, and ultimately
the Board, that there were adequate numbers of obste-
tricians and gynecologists who were primarily inter-
ested in maternal fetal medicine from a clinical and
research standpoint to justify a subspecialty board or
certification. A similar conclusion was reached with
regard to oncology and reproductive endocrinology.
The next 2 years were spent in developing the sub-
specialty divisions and getting the necessary approval
from the American Board of Medical Specialties.
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It was decided that rather than being subspecialty
boards, the parent board would offer certificates of
special competence in the areas of maternal—fetal
medicine, oncology and reproductive endocrinology.
This was primarily due to the fact that the American
Board of Medical Specialities had recently granted
several subspecialty boards and had a temporary
moratorium on new ones. We felt it was of no partic-
ular advantage to be a subspecialty board.

The American Board of Obstetrics and Gynecology
did establish divisions of Maternal Fetal Medicine,
Oncology and Reproductive Endocrinology in 1969. I
was appointed the first head of the division of Maternal
Fetal Medicine. There was one representative of the
parent board in our division, Dr Harry Prystowsky.
There were four additional members of the original
division, Donald L. Hutchinson, MD, Edgar L.
Makowski, MD, Joseph Seitchik, MD and Fredrick P.
Zuspan, MD.

The purposes of our division were as follows: (1) to
improve the health care of mother and fetus suffer-
ing from diseases peculiar to or related to gestation,
by elevating the standard of education and training
related to abnormal obstetrics, enhancing the recruit-
ment of qualified physicians in this field, by improv-
ing the organization and distribution of patient care
and increasing knowledge; (2) to evaluate the qualifi-
cations of educational programs offering training in
maternal and fetal medicine for the purpose of pro-
viding improved patient care and adequate prepara-
tion and experience for the physician intending to
become a specialist in this field; (3) to define period-
ically and to publish from time to time the details of
formal training, which the division considers essen-
tial to attain eligibility for the examination; (4) to
establish procedures whereby the knowledge and
skills of a candidate for advanced certification may be
evaluated, and examinations designed to determine
the individual’s competence as a specialist in mater-
nal and fetal medicine and (5) to recommend to the
Board for advanced certification of physicians who
have demonstrated to the satisfaction of the Division
their possession of special knowledge and a high degree
of professional competence in the management of
disorders of the mother and fetus.*
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One of the first major decisions that had to be made
was one that affected all the divisions, namely, how to
treat those individuals who considered themselves
subspecialists but had no formal training or had train-
ing that had not been Board approved: the grandfa-
thers. Three choices were available: (1) have no
grandfathers, make all candidates undergo board-
approved training; (2) permit anyone who thinks they
are qualified take the examinations, which would be
for a specified period of time, and (3) allow all grand-
fathers to receive a certification. There was a lively dis-
cussion of this question with many feeling there should
be no grandfathers. The threat of a protracted suit in
one of the other divisions led us all to accept the
second option: permit those who thought themselves
qualified to take the examination. This option would
be open only for a period of 2 years after the initial
examination. The candidates choosing this option were
required to submit an application, which described
their residence training and any fellowship training
they had taken. In addition, we required a case list of
all complicated pregnancies they had managed during
the previous 2 years as well as the total number of nor-
mal pregnancies they had managed during the same
time period. A bibliography of all articles, book chapters
and abstracts, including reprints of original articles,
was a requirement. The type of application gave the
Division the material needed to make a judgment as to
whether an individual qualified as a grandfather.

The number and type of examinations were rather eas-
ily determined. The parent board had both written and
oral examinations. All subspecialty divisions decided to
follow that example. The scope of the written exami-
nation included (1) genetics, biochemistry of genes and
chromosomes, gene transformation in man, cytogenet-
ics and karyotyping, population genetics and genetic
counseling; (2) teratology, knowledge of embryology,
drugs that affect the fetus, viral effects on the fetus, bac-
terial effects on the fetus and radiation effects on the
fetus; (3) maternal physiology; (4) fetal physiology;
(5) effects of maternal disease on the fetus; (6) effects
of pregnancy on maternal disease; (7) immunology;
(8) evaluation of fetal welfare during pregnancy and
labor; (9) newborn adjustments and adaptations to
health and disease; (10) infection in mother and fetus,
diagnosis and therapy; (11) immunologic disorders;
(12) intrapartum disorders and (13) general knowledge
of investigative concepts and techniques and the
knowledge necessary to critically evaluate studies in
maternal and fetal medicine. An individual passing the
written examination was eligible to take the oral exam-
ination after 2 years of practice. The 2 years of practice
was waived for grandfathers. Requirements for the oral
examinations included a case list for the 2 years of prac-
tice and a thesis of original clinical or basic research.
The oral examination was conducted by two examiners
and a neonatologist questioning the candidate for 3 h on
the thesis, case list and knowledge of maternal—fetal
medicine including investigative concepts.*

The Division developed the required training
program, which was of 2 years’ duration with the
following requirements: (1) training could be obtained
in one or more institutions; (2) at all times there must
be evidence of a patient population adequate to assure
the candidate of a satisfactory experience; (3) compre-
hensive care of maternal and fetal disorders requires
(a) a high-risk pregnancy unit with adequate numbers
of pregnant patients presenting special problems
defined as high risk, adequate supervision by indi-
viduals competent in the care of high-risk pregnant
patients and adequate laboratory and monitoring
equipment, (b) a genetics unit with a qualified geneti-
cist and laboratory to perform genetic analysis includ-
ing karyotyping and biochemical studies, (c) a
newborn care unit with a noenatologist director and
adequate numbers of newborns requiring intensive
care and (d) a pathology service with a qualified fetal
and newborn pathologist and (4) there should be a
program director certified as a Diplomate of the
American Board of Obstetrics and Gynecology who is
judged to be qualified to direct such a program. The
last requirement was soon changed to a person certified
as a subspecialist in maternal-fetal medicine. Each
new training program was inspected by one or more
division members.

A significant number of changes have occurred
since the initial candidates were examined in 1973.
After the second oral examination the neonatologists
were not used since this area was felt to be primarily
in the realm of a new subspecialty within pediatrics,
neonatology. In 1975 the case list for oral examination
was reduced to 18 months before the application was
submitted.’ In 1977 obstetric anesthesia was added to
the scope of the oral examinations and an obstetric
anesthesiologist was a required part of the training
program.® The 1978 bulletin did specify that ‘The pro-
gram must include two university-level courses, one
in qualitative techniques which should include
biostatistics and other areas such as epidemiology
and research design and implementation. The second
course must be relevant to the specific subspecialty.
Both courses must be approved by the division. All
courses must have an examination which the candi-
date must pass’. Also in 1978 the thesis requirement
was changed to a paper in press or published within
the past 3 years in a peer review journal.” In 1979 the
ultrasound unit was required in the training program
and ultrasound became a part of the written and oral
examinations.® In 1986 a Guide of Learning was pub-
lished by the Board, which gave a much more com-
plete outline of the scope of knowledge required by a
subspecialist.” Perhaps the most significant change
occurred in 1998 when the division decided to
lengthen the training to 3 years.'® The Division, from
its inception, felt that research was a very important
part of the training program. This was evident in the
first bulletin, which stated: ‘The candidate must pos-
sess (a) an understanding and general knowledge of
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investigative concepts and techniques as they relate to
maternal health and fetal development and (b) the
knowledge necessary to evaluate studies relative to
maternal and fetal medicine’. It was expected, though
not specifically stated, that one of the 3 years be spent
in research.

The type of practice for a maternal and fetal medi-
cine subspecialist has changed significantly during the
30 years since the inception of the division. Initially,
the subspecialist was primarily a consultant for preg-
nancy with complications. With the development
of sophisticated ultrasound and the increasing under-
standing of genetic abnormalities, a significant portion
of the subspecialist’s time is spent doing ultrasound.

A reasonable question might be what is the result of
the development of the subspecialty of maternal and

REFERENCES

fetal medicine? This can be answered both numerically
and philosophically. Numerically, there are currently
62 approved programs in maternal and fetal medi-
cine. There have been 1542 candidates certified.
Philosophically, I believe it has resulted in significantly
better care for the pregnant patient with complications.
This is difficult to prove because there have been so
many changes in practice during the same time period,
such as the development of neonatal intensive care
units, antepartum fetal monitoring and the develop-
ment of ultrasound. All of these and more may have
resulted in the significant decreases in perinatal mor-
tality and stillbirth rate. The integration of care in a
single individual who is focused on the pregnant
patient with a complication such as diabetes or hyper-
tension, in my opinion, must result in improved care.

1. Caldeyro-Barcia R, Pose SV, Alverez H. Uterine contractility in
polyhydramnios and the effects of withdrawal of the excess of
amniotic fluid. Am J Obstet Gynecol 1957;73(6):1238-54.

2. Hon EH, Hess OW. The clinical value of fetal electrocardiogra-
phy. Am J Obstet Gynecol 1960;79:1012-38.

3. Gerbie AB. The American Board of Obstetrics and Gynecology:
A Personalized History 1980-2000. The American Board of
Obstetrics and Gynecology.

4. The American Board of Obstetrics and Gynecology. Bull Div
Matern—Fetal Med 1973.

5. The American Board of Obstetrics and Gynecology. Bull Div
Matern—Fetal Med 1975.

6. The American Board of Obstetrics and Gynecology. Bull Div
Matern—Fetal Med 1977.

7. The American Board of Obstetrics and Gynecology. Bull Div
Matern—Fetal Med 1978.

8. The American Board of Obstetrics and Gynecology. Bull Div
Matern—Fetal Med 1979.

9. The American Board of Obstetrics and Gynecology. Bull Div
Matern—Fetal Med 1986.

10. The American Board of Obstetrics and Gynecology. Bull Div
Matern—Fetal Med 1998.



V

medicine

A perspective on perinatal

E. V. Cosmi

The process of fetal growth and development of the
human fetus at birth has always attracted the attention
of scientists. Hippocrates, 460—370 B.c., suggested that
when the onset of labor is near ‘the fetus becomes
agitated and breaks the membranes’. Leonardo da Vinci
said that ‘the child grows daily more within the body of
its mother that when it is outside of the body, and this
teaches us ...". In the 17th century Sir William Harvey
suggested a direct role of the fetus in the initiation of
parturition, a concept that was endorsed by Van
Deventer in the same century and by Spielberg in 1882.
Subsequently many animal experimentations and
human observations have attempted to discover the
many mysteries of fetal and neonatal growth and
development, the features of the cardiovascular and
respiratory systems, some relevant aspects of energy
metabolism, temperature control and their integration
by hormonal and nervous mechanisms, the role of the
placenta, the initiation of labor, the transition from the
intrauterine to the extrauterine life of the fetus, etc.
Considering comparative physiology it has been
recognized that general principles should hold in every
species with peculiar adaptation to particular needs.
Some species lend themselves well to a particular
type of study, e.g. the fetal lamb, because it is
relatively large and comparable by weight to the
human fetus and because the uterus of the ewe does
not at once contract, has been used for various
studies, including fetal breathing movements (FBMs)
and lung maturity. The fetal rhesus monkey has been
studied mainly because its brain is more closely
related to that of the human fetus and of the newborn
at birth; furthermore, since the lamb’s brain is only
1.3% of body weight at birth, whereas that of the fetal
rhesus monkey is 12%, the latter is a better model for
studying the distribution of cardiac output (CO).!
Finally, the hemochorial placenta of the rhesus
monkey and also that of the pig are more suitable for
the study of placental transfer of gases, other supplies,
and drugs than the cotyledonary placenta of the ewe.
The beginning of fetal physiology is rooted in the
measurements of placental and fetal growth and in
comparative studies of placental histology that were
made long before physiologic data could be collected
and properly understood. The pioneers of this approach

are many; they include Sir Joseph Barcroft (1946)*
and, around the 1960s, D. H. Barron, H. Prystowski, C.
A. Villee, P. Grunewald, R. Margaria (Turin, Italy), R.
E. Cooke, E. Ramsey, 1. Leitsch, F. C. Hytten, E. G.
Makowski, F. C. Battaglia, G. Meschia, A. N. Rudolph,
G. S. Dawes and others.

Because perinatal biology encompasses marked
differences among mammals in placentation, fetal and
neonatal development, and in the adaptation made by
the mother during pregnancy and lactation, the young
of different species are often said to be at different
maturity at birth. Nevertheless, most mammals and the
human infants have one thing in common, i.e. they all
must have developed, by the time they are born, the
circulation and the lungs, which will permit main-
tenance of an independent existence outside the uterus.
Initially, following acute experiments in animals,
Barcroft® believed that the fetus was living in utero
under conditions of anaerobiosis or semianaerobiosis,
thereby introducing the concept of ‘the Everest in
utero’, i.e. the fetus living under low oxygen tension.
This concept was further supported by the low pO,, pH
and high pCO, found at birth in the umbilical arteries
and vein of the human fetus. Chronic experiments
performed in several pregnant animals and their
fetuses have refuted this misconception and have
shown instead that the oxygen supply and consump-
tion, and the acid-base status of the fetus are similar
to that of the mother.’® These results have been
substantiated in the human fetus by James et al’,
Caldeyro-Barcia,'® and Saling.' They have found that
during labor and delivery fetal pO, and pH decrease
whereas pCO, and buffer base increase.

The introduction of the micromethod of P. Astrup
of blood sampling and acid-base status analysis has
permitted the confirmation of these studies in animals
and subsequent studies in the human fetus and
neonate. Normally, although the PaO, of the fetus is
around 30 Torr, hemoglobin-O, saturation is around
90%, also because of the double (maternal and fetal)
Bohr effect on the O, transfer across the placenta.'?

Another concept that was put forward was that
although the fetus has a relatively high tolerance
to noxious agents, many noxious factors can affect
its normal intrauterine development, physiologic

xli
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performance, and subsequent adaptation to the
extrauterine life. These factors may originate in the
mother, the placenta, or in the fetus itself. Other sources
of trouble include environmental, nutritional, pharma-
cologic, and toxicologic factors; hematologic, hormonal,
metabolic, immunologic, and genetic disorders; and
infections diseases (for a review see Cosmi and
Caldeyro-Barcia'?).

Considerable efforts have been made to elucidate
the morphology and the physiology of the placenta
because the homeostasis of the mammalian fetus
depends almost entirely on its function and on
maternal homeostasis. Chorioallantoic placentas differ
remarkably in shape and structure from one mammal
to another and their classification on the basis of shape,
morphometry, morphology, function, and the presence
or absence of a maternal (decidual) component has
resulted in considerable controversy.

In humans the implantation and subsequent
development of the placenta depend on certain
changes in the endometrium that culminate in the
formation of the decidua. Basically, the human
placenta has a chorioallantoic structure in which the
precocious differentiated mesoderm of the allantois
forms the umbilical cord.

Prof. P. M. Motta from the University ‘La Sapienza’
of Rome has contributed significantly with electron
microscopy to clarify the process of implantation of
the fertilized human ovum.™

In humans shortly after fertilization, the ovum is
implanted and the trophoblast erodes the endometrial
capillaries. At the end of the second week the endo-
metrial veins have been eroded and communicate with
the lacunar spaces. At about the 15th day, endometrial
spiral arterioles are eroded and maternal inflow to the
intervillous space is established. By the 16th day the
entire surface of the ovum is covered with branching
villi containing vascular primordia. Between days 20
and 21 after the beginning of nidation the chorionic villi
show a well-defined ultrastructure with a relatively
undifferentiated Langhans’ layer and highly differen-
tiated syncytiotrophoblast layer, located peripherally.
By days 22 and 23 the embryonic vessels have formed
an anastomotic network of channels within the villi. By
12 weeks, other villi are found, which fill the inter-
villous space. Each primary villus with his branching
and rebranching villi constitutes a fetal cotyledon,
which is the functional unit of the placenta. The villous
core contains fetal capillaries, fibroblasts, the Hofbauer
cells (which are morphologically similar to macro-
phages, originate from the mesemchyma, and possess
pinocytotic and histiocytic activity), and other mesen-
chymal elements."?

One of the major advances in perinatal genetic
diagnosis has been the introduction by Bruno
Brambati (Milan, Italy) of chorionic villi sampling,'*
which can be performed at 9-10 weeks’ gestation,
thereby offering earlier diagnosis than amniocentesis
and the analysis of the amniotic fluid (AF), which is

performed between 14 and 18 weeks’ gestation, or
cordocentesis which is performed around 20 weeks’
gestation for hematologic problems, infections, meta-
bolic and enzymatic diseases. However, chorionic
villi and cordocentesis are coupled with significantly
higher complications than amniocentesis. The basement
membrane contains immunoglobins IgG and IgA,
which probably represent maternal blocking anti-
bodies to trophoblastic antigens, thereby preventing the
rejection of the placenta. Various proteins are produced
by the placenta in increasing amounts during gestation.
Some, such as pregnancy-specific g,-glycoprotein (SP,,
PSpB,G), pregnancy-associated plasma protein C
(PAPP-C) and «,-glycoprotein (PAPP-«,G), are prob-
ably trophoblast-specific antigens described by
Bohn." These are mainly released into the maternal
circulation, where they can be measured and used as
an index of placental function, whereas other proteins
have enzymatic or hormonal activity. Recently, for
prenatal genetic diagnosis the following tests have
been introduced using maternal blood: (1) double
test — determination of PAPP-A and human chorionic
gonadotropin B (hCG-g) (free) performed between 9
and 13 weeks’ gestation vis a vis fetal nuchal
translucency; (2) triple test — determination of hCG-8
or hCG-8 (free), a-fetoprotein, and free estriol between
14 and 19 weeks; (3) quadruple test — as above plus
determination of PS-8 at the same gestational age; and
(5) pentatest — as above plus inhibin. The reliability of
these tests is much less than that of amniocentesis
and fetal cell culture. However, they may be indica-
tive of certain fetal chromosomal abnormalities.

Different types of fetal nucleated cells have been
found in maternal blood by Adinolfi’®* and our
group,'” providing the possibility for non-invasive
prenatal diagnosis of genetic abnormalities; however,
the results of these and further studies have been
inconclusive. The same holds for the study of fetal
nucleated cells obtained by washing of the cervical
fornix.

Lo et al.'® and Farina et al.' have studied the DNA
of fetal cells in maternal circulation for non-monogenic
diseases such as abortion, pre-eclampsia, and IUGR.
Although promising, this approach needs further
studies.

The placenta, like the fetus and the mother, pro-
duces certain enzymes and hormones that influence
not only its function but also those of the other two
compartments — e.g. composition of the nutrients
supply from the maternal circulation to the fetus,
maternal and fetal metabolism, and eventually fetal
growth. Conversely, placental function is influenced
by fetal and maternal enzymes and hormones. The
placenta possesses enzymes that are absent in the fetus,
and enzymes lacking in the placenta are present in the
fetus. The integrated placental and fetal functions act
as a unit, and the feto-placental unit is indispensable
for the production of most steroid hormones as
suggested by Diczfalusy® (see below).
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Several enzymes have been isolated and their
activity varies during gestation, i.e. lysosomal hydro-
lase activity reflects the need for specialized functions
(e.g. lysosomal hyaluronidase, which probably plays
an important role in the regulation of placental
permeability, increases with gestation).

The human placenta synthesizes and stores carbo-
hydrates, lipids, proteins, nucleotides, and nucleic
acids,"” possesses mixed function oxidation systems
and aryl hydrocarbon hydrolase involved in the
transportation of xenobiotics and epoxides.'? It is
rich in 11B-ol-dehydrogenase, which converts active
steroids into inactive 11-ketosteroids. Therefore, the
question has been posed as to whether certain corti-
costeroids, e.g. betamethasone, administered to the
mother reach the fetus in sufficient quantities to elicit
their biological effect — i.e. acceleration of fetal lung
maturity (FLM)."* The placenta also contains mono-
amine oxidase and catechol-O-methyltransferase,
which significantly effect the transfer of the cate-
cholamines. Renin is also produced by the placenta.
This enzyme is released into the AF. The placenta is
unique in its capacity to form proteins and steroid
hormones, i.e. hCG, hPL, hPRL, human chorionic
thyrotropin, somatomedins C and A,*" and adreno-
corticotropic hormone (ACTH) related peptides, i.e.
hCG, «-melanocyte-stimulating hormone, thyroid-
stimulating hormone, and luteinizing hormone releasing
factors, g-lipotropin, and g-endorphin, as demonstrated
by Fraioli and Genazzani.*?

The placenta produces large amounts of progesto-
gens and estrogens in increasing concentrations during
pregnancy. These hormones have important effects,
such as the regulation of fetal growth, development,
and sexual differentiation; uterine growth and con-
tractility; the onset of labor; and uteroplacental blood
flow. Estrogen production is not due solely to the
placenta but to the interaction between the mother,
placenta, and fetus, which act as a unit.** The pro-
duction of E, involves the formation of precursors by
fetal and maternal adrenals; 16c-hydroxylation of
DHAS and E, or E, sulfate by the fetal and the maternal
livers; and aromatization by the placenta. The con-
centration of E3 in body fluids increases steadily
throughout a normal pregnancy.

Concerning the fetal circulation in the mature
placenta, it is worth mentioning that in the definitive
(tertiary) villi, arterioles and veins are given off from
axially oriented trunks to supply and drain an
extensive anastomosing capillary network, which lies
superficially beneath the surface syncytium. Fetal
blood is in close contact with maternal blood, being
separated by a thin syncytiocapillary membrane.?®
Information on the fetal circulation has been derived
principally from animal experiments, using a variety
of methods, i.e. cineangiocardiography, blood gas
analyses, blood flow measurements by electromag-
netic flow meters, distribution of radioisotope-labeled
microspheres, dye dilution, radioisotope methods,

and Doppler ultrasound. Some of the findings from
these experiments have been corroborated for the
human in studies of the human fetus itself.

A variable portion of the blood returning from the
fetal placenta via the umbilical vein is distributed
to both right and left lobes of the liver and reaches
the interior vena cava via the hepatic veins. The
remainder of the blood returning from the placenta is
shunted directly to the inferior vena cava via the
ductus venosus in amounts varying between 20% and
90% of umbilical-portal blood flow. In the left atrium,
blood from the inferior vena cava mixes with blood
coming from the pulmonary veins in a ratio of about
4.5:1. Thus, the abdominal organs, the lower body,
and the placenta are supplied with blood with a lower
pO, than the coronary circulation, heart, neck, and
brain.**

The right and the left ventricles work in parallel
by virtue of the presence of the foramen ovale and
the ductus arteriosus. Approximately 40% of the
combined CO returns to the placenta, while only 7%
flows through the lungs; the remainder perfuses body
tissues. To define fetal CO, Assali et al. introduced the
term ‘effective CO’ — i.e. the total volume of the blood
that is distributed to the body and the placenta.?® This
represents the sum of the left ventricular output
and the ductus arteriosus blood flow, and does not
include coronary blood flow and the flow to the
lungs. Rudolph had introduced the term ‘combined
ventricular output’, which represents the total volume
of blood ejected by both ventricles and includes
pulmonary and coronary flows.*

It has been suggested that changes in differential
CO that may occur in the fetus as a result of changes
in the venous return or outflow impedance are adjusted
homeometrically by the Frank-Starling relation-
ship.”?>?® Rudolph** (from the Cardio-Vascular Insti-
tute of San Francisco, directed by Julius Comroe) has
criticized this theory and indicated that the Frank—
Starling mechanism is essentially inoperative in the
fetal myocardium because of the large shunts between
the left and the right sides of the heart, and because of
the fact that the two ventricles work in parallel. Thus,
in contrast to the adult, the fetus has only a limited
ability to increase CO by increasing stroke volume. The
increase in CO is accomplished primarily by increasing
the heart rate (HR).

The cardiovascular system of the fetus is under the
direct control of the autonomic nervous system
through peripheral chemoreceptors and baroreceptors.
In the human fetus the clearest evidence for autono-
mic activity is the transient bradycardia associated
with uterine contraction and abolished by administra-
tion of atropine to the mother, as shown by Caldeyro-
Barcia et al?” The fetal cardiovascular system is
capable of responding to various humoral and pharma-
cological agents.

Moderate fetal hypoxemia and/or hypercapnia
cause a rise in arterial pressure, vasoconstriction in
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the lungs, and little change in umbilical vascular
resistance. At the same time, umbilical, coronary, caro-
tid, and superior sagittal sinus blood flows increase,
ensuring a better oxygen uptake and supply to vital
organs. Fetal heart rate (FHR) increases initially in
response to hypoxemia, but if hypoxemia persists and/
or becomes more pronounced, bradycardia develops.

Fetal hypoxemia of a marked degree and/or
acidemia also induce an increase in blood flow to vital
organs (i.e. heart, brain, and adrenal glands), but cause
a decrease in blood flow to non-vital organs (i.e. lungs,
gut, spleen, kidneys, and the carcass). The selective
vasoconstriction in the latter organs is accompanied by
hypertension and bradycardia and later, if it persists, by
anaerobic glycolysis and metabolic acidemia. Although
hypertension tends to increase perfusion pressure
and umbilical blood flow, with marked hypoxia and
bradycardia umbilical blood flow will fall.*

The cardiovascular response of the fetus to hypoxia
and acidosis with redistribution of the systemic
circulation is a defense mechanism for conserving the
oxygen supply to vital organs and for adjusting to the
effects of accumulated metabolites, such as carbon
dioxide and hydrogen ions. This defense mechanism
is similar to that of diving mammals — e.g. the ability
of the fetus of the seal and of other mammals to
survive its mother’s prolonged dives,*®** also called,
less precisely, the brain sparing effect. However, it is
limited, for although CO remains virtually constant,
the blood redistributed to vital organs may be diverted
away from the placenta, thereby further reducing the
oxygen supply to the fetus.'>** A fall in CO will cause
a marked reduction in umbilical blood flow. The
survival time of the asphyxiated fetus depends on the
concentration of glycogen in the myocardium before
the asphyxial episodes.

FHR and ECG: FHR and ECG monitoring are the
oldest and most frequently used methods of fetal
surveillance.?®®" The ultrasound technique, based on
the Doppler principle,* is the method most widely
used for recording FHR. Concern still exists as to
its relative value, accuracy of interpretation, and
prognostic significance. Caldeyro-Barcia et al.**?
combined the recording of uterine contractility with
FHR monitoring. Subsequently, Hon et al.** applied a
similar method and obtained analogous results.

Direct fetal ECG was obtained by placing a bipolar
electrode directly on the fetus either transcervically or
by maternal transabdominal puncture. With this
method one detects changes in ECG pattern and FHR
that may coincide with early alterations in fetal
homeostasis and neonatal morbidity. The technique
has been refined by the use of special nonpolarizable
clips, suction, hooks, or other types of transcervical
electrodes, monitoring devices and group averaging of

a series of consecutive ECG complexes.’*** In Italy,
fetal ECG has been studied extensively by Pardi et al.**
Opinions pertaining to alterations in fetal ECG and
their reliability and accuracy in predicting fetal
distress vary considerably. Prolongation of the P-R
and Q-T intervals, widening of the QRS complex, and
isoelectric or inverted T-waves have been observed
in conjunction with fetal hypoxia and acidosis.
Shortening of the Q-T and P-R intervals with peaked,
biphasic, and inverted P-waves, and inversion of the
T-wave have been also recorded in the presence of
severe fetal asphyxia. Forms of ‘arrhythmias’ have
been observed — i.e. nodal extrasystoles, atrial flutter,
atrial and ventricular premature beats in the form of
persistent bigeminy, paroxysmal atrial tachycardia,
and heart block. However, in both the human and the
animal fetuses, no definite relationship was found
between ECG abnormalities and the acid—base status
of the fetus. Although ECG abnormalities could
represent a possible early sign of fetal distress, their
significance in relation to fetal homeostasis and
neonatal outcome has not been settled.*"?

Doppler ultrasound has been recently introduced in
the study of fetal circulation and several vessels
including umbilical artery (UA), descending aorta,
internal carotid artery, middle cerebral artery (MCA),
ductus venosus and renal artery have been investigated.
Preliminary statistical correlations between perinatal
complications and abnormalities in indices of flow resis-
tance have been reported, suggesting a potential role for
Doppler ultrasound in the management of high-risk
pregnancies. Several indices have been introduced to
analyze flow velocity waveform, including pulsability
index (PI) and resistance index, by several groups
including Arduini and Rizzo,* Campbell and Bower,*
Kurjak et al.,*” and Chervenak and McCullough.* It has
been found that absent or reversed diastolic blood flow
of UA and low PI in MCA are often associated with
alteration of FHR. However, no reference values on large
population studies are available for flow velocity
waveforms. Transcutaneous pO, and pulse oximetry
and computerized FHR have also been introduced to
improve the accuracy of the latter with variable results.

Fetal breathing activity in utero has been a matter
of controversy for a long time. Rhythmic, periodic
FBMs were observed and/or recorded in humans
between 1888 and 1911 by Ahlfeld,*® Weber,*° Ferroni
of Florence,*' and Reifferscheid,*? and in animals
from 1781 until 1941.'** These reports have been
almost universally ignored or discounted as artifacts,
and subsequent studies have in general denied that
FBMs are normally present in utero, provided the
fetus is not disturbed by physical stimuli or asphyxia.
They have been rediscovered around 1970 in the fetal
lamb by Dawes and coworkers,***> Condorelli, Cosmi,

*This principle was theorized in 1794 by the Italian biologist Lazzaro Spallanzani, i.e. the bat’s ability to ‘see’. The bat gets bearing by sound

rather than light.'?
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and Scarpelli.?****® Studies in human fetuses have
demonstrated that FBMs are normal phenomena of
intrauterine development.'?***® Qbservation of both
animal and human fetuses have indicated that FBMs
might provide an index of fetal well-being.**** In the
human fetus, FBMs have been studied by injecting
isotopes into AF, by means of force transducers placed
on the maternal abdomen, and, more precisely, by
ultrasound. Various systems have been used to quantify
ultrasonic signals of FBMs, including A-mode, con-
tinuous Doppler systems, T-mode, time—distance
recording systems, and real-time B-scan.'**?

Recently, we have measured nasal flow velocity
waveforms (NFVW) with continuous or power Doppler,
vis a vis the thoracic and abdominal movements, in
more than 1800 human fetuses* and have observed
that during gestation the fetal respiratory patterns are
similar to those we had observed in preterm and term
newborns,” i.e. they start at around 20 weeks’ gestation
as abdominal movements followed by thoracic move-
ments and NFVW as gestational age advances. We
have correlated FBMs during gestation with FLM and
have found that the full development of FBMs indi-
cates FLM.*

Amniotic fluid indices: Amniocentesis and the
analysis of AF have been introduced successfully by
Bevis,” Liley,°* and Freda et al®® for the spectro-
photometric analysis of AF at wavelengths between
300 and 700 nm in case of Rh alloimmunization and
erythroblastosis fetalis. When AF contains bile pig-
ments that absorb monochromatic light at wavelengths
between 525 and 375 nm, there is an elevation above
the expected slope of the curve, with a peak around
400 nm. The magnitude of this departure from the
expected curve (between 525 and 375 nm) is pro-
portional to the concentration of bilirubin and related
pigments, while its width is constant and reflects the
condition of the fetus.'***"® Liley’s method offers a
more precise quantification of AF bilirubin con-
centration, but the upper limits of normality are too
low, leading to an overestimation of the degree of fetal
compromise. Freda’s method takes into consideration
the trend rather than the absolute concentration of
bilirubin and related pigments. During the same year
Freda introduced Rh gammaglobulins for the pre-
vention of Rh alloimmunization;?*®® since then, the
disease has practically disappeared.

Amniocentesis has been widely used for culturing
and karyotyping of AF cells by Valenti et al.°® and
Steele and Breg.®” Recently, diagnosis of many genetic
diseases has been performed particularly after the
completion of the study of genome mapping and the
introduction of fluorescence in situ hybridization and
polymerase chain reaction techniques. It is possible
to diagnose fetal sex and a variety of genetic dis-
orders including Down’s syndrome, Duchenne/Beker
muscular dystrophy, deafness, cystic fibrosis, fragile
X-syndrome, hemoglobinopathies, e.g. hemophilia,

inborn errors of metabolism. Amniocentesis is
performed between 14 and 18 weeks’ gestation.

Fetal lung maturity: In recent years various labo-
ratory tests for AF constituents to predict FLM have
been developed. They can be divided into biochemical
[determination of surfactant phospholipids (PLs)] and
biophysical methods (e.g. surface tension, micro-
viscosity)."* Gluck et al.*® were the first to demonstrate
that the lecithin—sphiengomyelin ratio of AF provides
an index of FLM. This ratio can be used to predict
whether or not neonatal respiratory distress syndrome
(NRDS) will develop in the infant if born within 2448
h of amniocentesis. The same group measured other
AF PLs, i.e. phosphatidylinositol and phosphatidyl-
glycerol, and introduced the lung profile.* Clements
et al. in 1972 introduced a simple and rapid screening
method: the shake test.®* Various tests have been
introduced,'” including lamellar body count and
Doppler ultrasound.®’ These tests have good predictive
values, high specificity, and sensitivity.

We have demonstrated that fetal urine contributes
to AF PLs,%” although in much lower concentrations
than fetal pulmonary PLs.%

The pulmonary surfactants play a critical role in
the survival of the fetus in the extrauterine life,
especially in case of premature delivery and other
forms of high-risk pregnancy, because a prompt and
effective ventilation is required at birth. In turn, this
depends on the alveolar stability (alveolar resistance
to collapse) and thus on lung maturity. When FLM is
not fully reached, delivery almost invariably results
in NRDS. This disease is responsible for a major
portion of perinatal mortality and morbidity (including
neurologic and intellectual defects).

In recent years our understanding of perinatal lung
development and of the pathophysiology of neonatal
lung adaptation has increased considerably as a result
of intensive studies by various investigators. Much
experimental work has focused on the functional
significance of the surfactant system of the lung
during transition from fetal to neonatal life, on its role
in the pathogenesis of NRDS, and on various methods
that can facilitate the adaptation of the premature
infant to extrauterine life.**

In 1903 Hochheim® first described the formation of
hyaline membrane in the lungs of two infants dying
from respiratory insufficiency in the neonatal period.
Because of this finding, the term generally used to
describe this disorder until 1959 was ‘hyaline
membrane disease’ (HMD). Subsequently, it was
realized that early pathologic hallmarks of HMD are
atelectasis and intra-alveolar edema [in part perhaps
representing unresorbed fetal pulmonary fluid (FPF)],
whereas hyaline membranes, which develop at a later
stage of the disease, may be absent in infants dying
within a few hours of birth. The membranes are made
up of degenerated epithelial cells, blood cells, fibrin,
and components of the alveolar lining layer.
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NRDS begins shortly after birth. The classical
picture of tachypnea, expiratory grunting, sternal and
intercostal inspiratory reactions, inability to maintain
adequate oxygenation in room air, cyanosis, the
diffuse hypolucency, and the air bronchogram at chest
x-ray, all indicate alveolar instability, i.e. decreased
functional residual capacity. Expiratory grunting
represents an attempt by the newborn infant to
overcome alveolar collapse. In fact, by prolonging the
expiration and increasing the pressure within the
alveoli, the neonate obtains a better diffusion of
oxygen across the air-blood barrier. It is noteworthy
that the method of therapy with mechanical ventila-
tion of the lung under positive end-expiratory pres-
sure is based on this premise. In fact, Gregory et al.
noted that when cyanotic babies cried they turned
pink as a result of Valsalva’s maneuver.®® The clinical
picture of NRDS may be mimicked by ‘transient
tachypnea’, or the so-called NRDS type II, due to slow
resorption of FPF. However, this latter symptomatology
usually disappears in less than 24 h, whereas that of
NRDS lasts at least 24 h.%°

The pathophysiology of NRDS was poorly under-
stood until the discovery of pulmonary surfactants.®”%
In 1959, Avery and Mead® were the first to demon-
strate the deficiency of surfactants in saline extracts of
lungs from infants who had died of NRDS. Several
subsequent reports have confirmed that lungs of
newborn infants with NRDS have a high surface
tension’®’" and therefore tend to collapse. This finding
is in agreement with the abnormal characteristics
observed in pressure—volume curves from lungs of
infants with NRDS: high opening pressure required to
inflate the alveoli; more important, poor ability to
maintain a residual volume of air once all distending
pressure is removed; and small hysteresis between
inflation and deflation curves.®®7%”!

Under normal conditions, the surface tension on
expiration is extremely low because surfactants are
present in the alveolar air-liquid interface. King and
Clements’ have suggested that the alveolar stability is
determined by low surface compressibility. Colacicco
and Scarpelli,”®”* in their in vitro studies on surface
properties of pulmonary dipalmitoyl lecithin, have
indicated that surface tension is virtually zero and
have thus substantiated the original ‘zero surface
tension, antiedema’ theory of Pattle.”” The impli-
cation of this is that surface tension is of primary
importance in maintaining alveolar stability in the
newborn infant as compared to older individuals,
since the former have less rigid chest walls, and
therefore the opposing force to alveolar collapse is
low.®*”" Many diverse theories have been proposed to
define the etiology and pathogenesis of NRDS, most of
which emphasize the prominent role of surfactant
deficiency, secondary to prematurity. Liggins’ showed
in the 1960s that ablation of the anterior pituitary gland
of the lamb fetus resulted in prolongation of preg-
nancy, whereas subsequent administration of ACTH
or corticosteroids initiated labor. In the latter case, the

preterm newborn seldom had serious lung problems
such as RDS. This indicated, both to Liggins and
Howie’® and to Avery,”” that administration of gluco-
corticoids to the mother might accelerate FLM.
Liggins also demonstrated a primary role for proges-
terone in the maintenance of pregnancy in the sheep
model, an observation that led to the estrogen—
progesterone ratio hypothesis developed by Csapo.”®
Controlled clinical trials have been performed with
i.m. injection of one, two, three doses of betametha-
sone (12 mg each, 24 h apart), dexamethasone (12
mg/day), or hydrocortisone (a single dose of 100 mg)
to the mother. The results have been in general
promising with few side effects. To avoid these it has
been suggested by NIH consensus conferences and the
European Study against Immature Lung that one course
of betamethasone should be used, avoiding a second
course of 1 week later.”?#° Other drugs have been used
both in animals and in humans to accelerate FLM, with
less promising results than glucocorticoids.”® Cosmi
et al®»® have injected supplementary surfactant (SS)
obtained from pig lungs into the amniotic liquid close
to the nostrils of the human fetus after the admini-
stration of aminophylline to the mother to induce
FBMs, thereby favoring the entrance of SS into the fetal
trachea and upper airways, in cases of severe fetal
distress and/or preterm labor, and have obtained good
results. These findings have been confirmed in humans
by a Chinese group® and in animal experiments.?* Tt
should be noted that after the pioneering study of
Fujiwara in 1980 supplementary surfactant has been
used successfully for the treatment of rescue babies, i.e.
with NRDS, and recently for early (prophylactic)
treatment of NRDS (for a review see Cosmi et al.??).

Other important discoveries have been made in
perinatal medicine, i.e. that prostaglandins have a
definite role in parturition, followed by the observa-
tions that there is a surge of certain prostaglandins in
maternal plasma and urine during parturition, that the
administration of drugs such as aspirin and indo-
methacin suppresses uterine activity, and that admini-
stration of prostaglandin precursors (either exogenous,
e.g. arachidonic acid, or endogenus, e.g. PLs from fetal
urine into the AF®) is capable of inducing labor. It is
now universally recognized that certain prostaglandins
are clinically effective for induction of labor.

A link between infection and preterm delivery
was proposed by Romero and Mazor® in 1988. The
paradigm of infection-driven preterm labor has led
to a better understanding of the cytokines produced by
the placenta and the fetal membranes and by deciduas.
It triggered the discovery of new uterotonins such
as interleukin (IL) 1B, IL-6, tumor necrosis factor,
endothelin-1, and transforming growth factor -1, and
of certain uterine relaxants, such as relaxin, prosta-
glandin inhibitors, thromboxane, and, more recently,
nitric oxide. Cytokines and eicosanoids appear to
interact on each other’s production in a cascade.

At this point the complexities of the labor—delivery
issue are abundantly clear as fetal-placental-maternal
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parameters search for a unifying mantle (placental
insufficiency, fetal distress, and endorphins?) or new
biologically active substances (peptides such as
corticotrophin releasing hormone, placental activin,
and oxytocin?).

The unique stresses, both positive and negative,
that Homo sapiens brings to the ‘evolutionary’ picture
are also quite considerable. For example, preterm labor
is now linked to social, economic, and environmental
factors, including low economic status, poor working
conditions, environmental pollution, maternal mal-
nutrition, and substance abuse with cocaine and other
drugs, smoking and alcohol being particularly offensive.

Stress generically and related biologically active
substances such as oxytocin, antidiuretic hormone,
catecholamines, and certain placental hormones also
involved in the perception of pain have been recognized
as labor inducers. Indeed, humans and animals under
stressful conditions tend to initiate labor. The best
example is given by the siege of Leningrad during
World War II, when half of the pregnant women either
aborted or delivered preterm overnight.

Notable advances are being made by researchers and
public health officials to ameliorate the social economic
challenges and to find new therapeutic approaches,
e.g. in the areas of pain relief, inhibition of preterm
labor, and fetal therapy, including surgical approaches.
The pioneering transabdominal intrauterine recording
method induced five decades ago by Alvarez and
Caldeyro-Barcia'®'**® has led to useful observations on
the pharmacology of the human uterus and on the
effects of uterine contractions on the fetus. Many utero-
inhibitory drugs have been introduced and tested with
different results.?® A major advance of pain relief during
labor and delivery has been the introduction of regional
(epidural and spinal) blocks with the i.v. prophylactic
hydration of the mother combined with 1000 NS or 500
dextrane solution 1h before the block to avoid
hypotension from sympathetic blockade.?®*

Many formidable challenges remain. For example,
the mode of delivery, vaginal vs. cesarean section, is a
matter of continuous debate; the biophysical approach
to fetal monitoring during labor is moving into the era
of computers and maybe of nanotechnology; the
invasive technique of fetal scalp blood sampling and
acid—base status determination have been replaced by
pulse oximetry and other techniques. Ultrasound and
Doppler technology, including three-dimensional
imaging, have entered the labor world. New methods
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Transition at birth

O. D. Saugstad

Introduction

The transition from fetal to postnatal life is character-
ized by a number of dramatic changes in physiologi-
cal, biochemical, immunological, and hormonal
functions. The fetus is fully dependent on the mater-
nal supply not only of oxygen and nutrients but also
of a number of hormones and other important sub-
stances. The thermal control of the fetus is also taken
care of by the mother. Intestinal and breathing move-
ments as well as non-shivering thermogenesis are
partially inhibited. Large organs such as the lungs
and liver are not very active. The fetus is also asleep
most of the time. These are some important reasons
why the oxygen requirements and metabolism are
low in fetal life. Cardiac output is low with a low sys-
temic blood pressure. A relatively low blood glucose
level and oxygen supply is therefore sufficient to ensure
substrate for energy metabolism at this stage.

During the last trimester the fetus prepares itself to
meet the extrauterine milieu; energy stores are estab-
lished, minerals and trace elements are deposited,
both white and brown fat accumulate, the lungs
mature both structurally and biochemically. The last
means that the surfactant system matures and the
antioxidative defense develops in order for the fetus
to breathe and to be able to withstand the sudden
increased oxidative stress induced by the high oxygen
concentration in ambient air. Many epithelial transport
functions of different organs mature in late fetal and
early neonatal life.

After birth, the newly born infant is responsible for
its own oxygenation and ventilation. The partially
inhibited status of the fetus is immediately reversed
at birth. It is awake, aroused, breathing, and crying.
Metabolism increases with a subsequent increased
oxygen demand, and the newborn can initiate lipoly-
sis and mobilize glucose. The higher oxygen con-
sumption of the brain is one reason the newborn
brain is more vulnerable to hypoxia than in fetal life.
The sharp increase in oxygen exposure makes it necessary
for the newborn infant to protect itself from oxygen
toxicity. Transition to birth is therefore not only a
matter of redistribution of the circulation, maturation
of the lungs and the surfactant system with alveolar

gas exchange, it is much more complex and probably
only a small part of this is understood. In the follow-
ing some of these aspects will be discussed.

Growth

General principles

The greatest growth rate in human life occurs in the
fetal period. The increase from a fertilized egg to a
term newborn infant is in weight 6 x 10'%, in length
5000-fold, and in surface area 61 x 10°. After birth,
growth slows down, still the greatest postnatal
growth rate occurs immediately after birth.

Prenatal growth is dependent on maternal, placen-
tal, and fetal factors. In the first trimester growth
occurs by increase in cell number, in the second
trimester there is an increase both in number and in
cellular size. In the third trimester growth is mainly
by cellular growth since the rate of mitosis slows
down. During the first two trimesters the fetus has
reached approximately one-third of its term weight.
In this period only 50g of fat is accumulated in con-
trast to approximately 500g deposited in the last
trimester. Of the approximately 95 kcal/kg/day needed
by the fetus 40kcal are spent for growth. Prenatal
growth is dependent on autocrine and paracrine
growth factors such as insulin-like factors 1 and 2;
however, insulin also plays a major role in prenatal
growth. Macrosomia is a well-known effect of fetal
hyperinsulinism, and these children have increased
body fat at 1 year of age. Abnormal patterns in insulin-
like growth factor (IGF) 2 gene expression may lead to
the Bechwith Wiedemann syndrome. These infants
are large with elevated insulin levels.

Postnatal growth is mainly regulated through pitu-
itary growth hormones (GHs), thyroid hormone, and
other hormones. GH is high in the fetus; however, the
number of GH receptors is low. That GH plays some
role in fetal growth is reflected in the poor growth of
children with GH deficiency or GH receptor defi-
ciency (Laron syndrome), and its action is mediated
by IGFs. During the first weeks of extrauterine life GH
falls, and already in the first day of life a pulsatile
release of GH is detected with a pulse periodicity of
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73 min, with higher peaks and more frequent pulses
found in small for gestational age (SGA) than in
appropriate for gestational age (AGA) infants. This
pulsatility is controlled by the stimulatory GH-releas-
ing hormone and the inhibitory somatostatin, both
produced in the hypothalamus. Thyroid hormone is a
major factor in postnatal growth and an acute eleva-
tion with a peak in thyroid stimulating hormone
(TSH) is found immediately after birth, with a decline
the first 5—6 days after birth. Leptin is produced in
adipose tissue and also regulates growth. Its role in
fetal life is unknown, but high concentrations are
found in the umbilical cord with a gradual decrease
over the next 3 months. Androgens decrease leptin
values, so that girls have higher concentrations than
boys from birth; the significance of this seem not to be
understood.

The changes in body composition the fetus under-
goes with the advancement of gestation is a progres-
sive decrease in total water, extracellular water,
sodium, and chloride and an increase in intracellular
water, potassium, calcium, and magnesium. The post-
natal body composition changes are characterized by
an increase in adipose tissue with a peak around 4-6
months, a progressive decrease in body water with a
relative increase of intracellular water.'™®

Fluid shift

In early fetal life approximately 95% of the fetus is
water, which gradually decreases throughout gestation,
being 80% at 8 months and 75% at term. Mode of deliv-
ery does not seem to influence this. Simultaneously
with this decline in body water there is a drastic
decrease in extracellular and a gradual increase in intra-
cellular water. This tendency continues until 9 months
of age, when body water constitutes 62%. However, the
total body water related to surface area does not change
very much in this period. Maximal intracellular water
of 43% of body weight is reached at 2 months of age at
the same time when extracellular water is 30%. The
term newborn loses 5—10% of its body weight and the
preterm more. This is mainly due to loss of water; how-
ever, it is not clear whether this loss is predominantly
from the extra- or intracellular space or perhaps both.

In the newborn’s first days of life the blood volume
is to a large extent dependent on placental transfusion
at the time of delivery, which can be up to 25-50 ml/kg
within 3 min. Whether or not this increase in blood
volume of 50% is harmful is not clear. A delayed cord
clamping may lead to a gradual increase in hematocrit
within a couple of hours. This is caused by plasma loss
of 30 ml/kg the following 4 h due to a shift of fluid from
the plasma into the interstitial space in addition to an
increased urinary output.”?

Recently, it has become clear that specific water chan-
nels, aquaporines, play an important role in water trans-
port and water balance. Aquaporines 1 and 4 have been
found in the brain, 9 in the skin, 2 in the kidney, etc.

The newborn kidneys’ reduced ability to concentrate
the urine is probably due to the lack of aquaporines.
Aquaporines are active also in the perinatal period and
probably are important for removing fluid from the lung
and in so-called transitoric tachypne of the newborn.

Carbohydrates

Glucose is the major source of energy in fetal life and
the fetus is entirely dependent on glucose delivery from
the mother. It seems that the human fetus does not pro-
duce glucose until the end of gestation, and the brain
requires a continuous glucose supply that is received
from the mother — at term at a rate of 4—7 mg/kg/min.
This equals 6-10gglucose/kg/day and represents
approximately 60% of the calories needed by the fetus.
Glucose is transported by facilitated carrier-mediated
placental diffusion. Several facilitated glucose trans-
porters have been identified and recently cloned. They
comprise a family of structurally related families and
are designated GLUT. The primary function of these is
to mediate the exchange of glucose between blood and
the cytoplasm of the cell. Several of these GLUT are
present in early fetal life.

Blood glucose is lower in the fetus compared with
the mother but there is a significant correlation
between maternal and fetal levels at least if the mater-
nal levels are not too low (< 4.4 mmol/1), below which
fetal concentrations are independent of maternal
levels. At birth, the transplacental supply of nutrients
is abruptly interrupted. The newborn infant therefore
has to produce glucose from its own endogenous
stores until feeding is started. At birth blood glucose
is 60-75% of maternal levels and then falls over the
next 1-2 h stabilizing at 2.5—3.3 mmol/l (45-60 mg/dl)
in healthy term infants within 24 h. Maternal glucose
supplementation during labor and delivery seems to
blunt this decrease. With the initiation of feeding it
increases, and after 24 h is between 2.5-5.0 mmol/l
(45—-90 mg/dl).

Glucose can be metabolized to either lactate, which
occurs in anaerobic conditions, or to acetyl coenzyme
A (Ac-CoA) under aerobic conditions. Pyruvate can be
metabolized to either lactate or Ac-CoA; this is partly
regulated by the relative amounts of the isoenzymes of
lactate dehydrogenase (LDH). In adult brain the LDH
isoenzyme composition favors aerobic oxidation of
glucose but in the fetal and newborn brain the LDH
composition allows anaerobic glycolysis. The pla-
centa is impermeable to both insulin and glucagon,
which are produced by the fetus at least from the 10th
week of gestation. Glucose stimulates insulin in the
third trimester only.

In late gestation, approximately 50% of the glucose
is converted to glycogen in the liver and muscle, and
to fat in the liver and adipose tissue. Glucose storage
is regulated primarily by insulin but also by glucocor-
ticoids. Glycogen is low until approximately 36 weeks
of gestation; however, it triples in the liver until term,
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when it reaches a maximum both in the liver and in the
skeletal muscles. In other organs such as myocardium
and lungs the peak is reached somewhat earlier, declin-
ing toward term. Postnatally, glycogen is the initial
substrate for glucose, but only for a few hours. Within
24h after birth the glycogen stores are more or less
exhausted. Gluconeogenesis from fat and protein is
therefore necessary to meet the metabolic demands,
and this is in principle a postnatal event. Fat is there-
fore an important substrate for glucose production in
the early newborn period. Although key enzymes for
gluconeogenesis are present in the liver from early
fetal life, gluconeogenetic activity is not expressed in
utero, at least not until near term. In late gestation,
fetal gluconeogenesis therefore occurs and may con-
tribute to fetal glucose levels especially if the glucose
supply from the mother is reduced, for instance, during
maternal fasting or by intrauterine growth retardation.
Initiation of lipolysis and gluconeogenesis is promoted
by hormonal and enzymatic changes occurring in the
first day of life. The insulin/glucagon ratio rapidly
decreases after birth and the high postnatal concen-
trations of catecholamines, cortisone, and TSH con-
tribute to this. In the newborn infant glycerol can be
converted to glucose, contributing up to 20% of the
hepatic glucose production. It has been shown that
preterm infants of less than 28 weeks’ gestation have
the capability of gluconeogenesis from glycerol.**?

Proteins

In the second and third trimester protein synthesis is
especially high, however, with a reduced rate toward
term. The term newborn infant has about 0.5kg of
protein after a many-fold linear increase in the last
half of the gestation. Protein synthesis slows down
toward term but is still high, approximately fivefold
higher than adult levels. In fact, not only synthesis is
high in fetal life, but breakdown of proteins is also
increased, giving a high protein turnover in the fetus.
There is a substantial difference between organs, with
the highest rate of protein synthesis in the placenta,
heart, and liver (half-life 1 day) compared with a half-
life of 1 week in muscle. A number of growth factors
may be responsible for this, such as IGF-1. For this
reason the amino acid concentration in fetal plasma is
higher than later in life, and the fetal/maternal amino
acid ratio in plasma is high with a peak in the second
trimester, when it is approximately 3:1, falling to 1.5:1
toward term. Intrauterine growth retardation is char-
acterized by a falling fetal/maternal plasma amino acid
ratio mainly due to an augmentation in the maternal
levels.

Amino acids are transported across the placenta by
both a direct active transfer of essential amino acids
and placental cytosolic synthesis of non-essential
amino acids. A number of amino acid transporters — at
least 12 — have recently been identified. The rate of
amino acid utilization is about 4 g/kg/day, similar to

the estimated intake of very premature infants. A protein
intake in the postnatal period of 2.8 g/kg/day is close
to the minimal intake needed to ensure weight gain
and nitrogen retention equal to intrauterine rates, and
a protein intake of 3—4.3 g/kg/day is recommended.
Some amino acids that are non-essential in postnatal
life are essential in fetal life due to inadequate matu-
ration of enzyme systems. One example of this is the
absence of cysthionase, making the fetus completely
dependent on the mother’s cystine supply. During the
first hours postnatally there is a rapid fall in plasma
amino acid levels.'*"

Lipids

The fetus requires both essential and non-essential
fatty acids from the mother, and fat represents one-
sixth of the body weight at term.

Free fatty acid supply to the fetus may occur
through a process of facilitated membrane transloca-
tion involving a plasma membrane protein, placental
synthesis and release into the umbilical circulation,
or lipolysis of triglycerides, lipoproteins, or phospho-
lipids from either the maternal or the fetal side. The
free fatty acid concentration and composition in the
fetus reflect maternal values. It is well known that
maternal manipulation with diet may change the
growth and development of the fetus. For instance,
mothers fed a diet high in docosahexenoic acid deliver
babies with higher birth weight. These children seem
to mature earlier and have a higher IQ at the age of
4 years. Triglycerides are hydrolyzed to fatty acids by
lipoprotein lipases, which are secreted by capillary
endothelium. Lipoprotein lipase is stimulated by
insulin and is present in fetal life with low activities in
muscle and heart but higher in the lungs. This may be
of importance for surfactant synthesis and maturation.
After birth, the activity of this enzyme increases both
in preterm and term infants. However, in preterm
infants the clearance of circulating triglycerides is
reduced due to a lower enzyme activity than in the
term infants, and this activity seems to be directly
related to the degree of prematurity. In the human
fetus, the enzymes for cholesterol and lipoprotein
metabolism develop early in gestation. As low-density
lipoprotein (LDL) receptor expression also increases in
gestation serum cholesterol and LDL decrease to levels
lower than that observed in early postnatal life. In
breast-fed infants these metabolites increase rapidly
and are doubled from day 1 to day 7 of life but are still
only half of the adult levels.

In the last 8 weeks of gestation subcutaneous fat
increases rapidly from approximately 20 to 350 g, and
deep body fat from 10 to 80g. The total fat content
increases from 6 g at 22 weeks to 500 g at term.

Fatty acid catabolism is an important energy source
in postnatal life. High concentrations of free fatty
acids and glycerol soon after birth indicate the onset
of lipolysis and lipid oxidation. Free fatty acids and
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glycerol increase sharply and peak around 120 min
after birth. Beta-oxidation of fatty acids occurs in the
mitochondria. Ac-CoA is transesterified to carnitine
by carnitine acyltransferase located on the inner mito-
chondrial membrane. Fatty acid oxidation is limited
in the fetal myocardium because of a low concentra-
tion of carnitine and a limited number of mitochon-
dria. Liver, brain, placenta, and lung also have limited
capacity to oxidize fatty acids. After birth, however,
fatty acid oxidation increases substantially and
remains high until the time of weaning.

Lipogenesis is found in fetal tissue from 12 weeks
of gestation and is stimulated by insulin and inhibited
by glucagon or cAMP. Fatty acid synthesis declines
after birth when the diet is milk, which is rich in fat.
Placental transfer of ketone bodies in contrast to glyc-
erol has been described. The fetus uses ketone bodies
as substrates for oxidation and lipogenesis.'*'*"9

Mineral metabolism

The placenta actively transports calcium to the fetus
to allow rapid fetal skeletal mineralization. From
20 to 26 weeks of gestation fetal levels are maintained
about 0.25 mmol/l (1mg/dl) above the maternal level.
In the last trimester calcium stores quadruples. In
humans two-thirds of the mean 30g calcium in a
healthy term fetus are transported in the last trimester.
At birth the constant calcium supply is interrupted
and there is a normal fall in serum calcium in the first
hours after birth, reaching a stable level after 24—48h
of age of about 2—2.25 mmol/l. During the next few
days there is a subsequent gradual increase, resulting
in serum calcium of about 2.5 mmol/l at 1 week of age.
In one study serum ionized calcium concentrations
decreased from a mean 1.45mmol/l at birth to
1.33mmol/l at 2h and 1.23 mmol/l at 24 h of age.

At birth parathyroid hormone is low, increasing
two- to fourfold during the first 2 days of life, giving
an efficient response after 3—4 days. In contrast, calci-
tonin levels are high in the newborn, thereby inhibit-
ing calcium mobilization from bone. Magnesium, zinc,
and phosphorus are also transported actively across
the placenta from the mother to the fetus. During the
first week of life magnesium levels show small varia-
tions, correlating directly with serum calcium and
inversely with phosphorus. Adequate zinc levels are
needed for normal fetal growth and postnatally the
requirements are approximately 2 mg/day. Zinc defi-
ciency in infancy may lead to failure to thrive
and reduced immunological function. Globally, zinc
deficiency represents a major health problem in
infancy.?*®

Hormones

The endocrine system is involved in growth, repro-
duction, cellular nutrition, as well as energy, thermal,

cardiovascular and fluid homeostasis. Many hormones
do not cross the placenta but are found in the fetus
around 10-12 weeks of gestation. This is true for GH,
insulin, prolactin, and thyroxin.

Prolactin may play an important role in regulating
fluid balance in fetal life. At term its levels are 20-fold
higher than adult levels and decline rapidly in the
first weeks after birth. This reduction may be linked
to the decline in total body water after birth. Prolactin
may also have a maturational effect on the pulmonary
surfactant system in combination with glucocorti-
coids and thyroidea hormones. Thyrotropin-releasing
factor regulates TSH and prolactin secretion. As early
as 12 weeks of gestation it is clear that the fetus pro-
duces thyroxin and around 13 weeks of gestation
TSH-producing cells have been identified. TSH both
stimulates growth and contributes to differentiation of
the thyroid gland. TSH does not cross the placenta
and tri-iodothyronine (T3) and thyroxine (T4) do not
cross in sufficient quantity for the fetus. The fetus is
therefore dependent on its own pituitary and thyroid
hormones in addition to supply from the mother. In
contrast, thyrotropin-releasing factor crosses the pla-
centa and stimulates fetal TSH. Fetal total and free
T4 as well as thyroxin-binding globulin values
increase during the gestation and reach the level of
the mean adult values around 36 weeks. In umbilical
cord blood TSH is low and increases rapidly within
the first 10-15 min after birth, and T4 reaches a peak
after 48 h as a response to the high TSH concentration.
TSH remains high the first days of life before it reaches
its low normal adult levels. The half-time of T4 is much
shorter in the neonatal period compared with adult
life, making the thyroxin requirements many times
higher than in the adult period.

From the eighth week of gestation the fetal adrenal
converts prenenolone to dehydroepiandrosterone
sulfate, which in the fetal liver and other tissues is
hydroxylated to 16-hydroxy-dehydroepiandrosterone,
which passes to the placenta and forms estriol. Since
estrogen is important in maintaining pregnancy the
fetus therefore contributes to this itself.

The fetal adrenal cortex promotes fetal organ
enzyme maturation and in the last part of gestation
adrenocortico-tropic hormone and cortisol levels
increase in the fetus influencing maturation of enzyme
systems in the lung, gastrointestinal tract, and possibly
other organs. After birth, cortisol levels decrease, reach-
ing adult levels by the age of 2—3 months.*>?*427

Stress at birth

There is a dramatic activation of the adrenal, the sym-
pathetic, and the parasympathetic systems toward
term. The sympathoadrenal system develops in fetal
life and the newborn infant has large adrenals and
extra chromaffin tissue in the paraganglia. The adre-
nal cortex matures toward term and releases substan-
tial amounts of epinephrine and norepinephrine near
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term. Corticosteroids around birth mature the surfactant
system by inducing its synthesis, as well as antioxyen-
zymes in the lung, and further play a role in the labor
process. Corticosteroids also induce the expression of
phenylethanolamine-N-methyl-transferase, which con-
verts norepinephrine to epinephrine. The transition at
birth is characterized by high levels of catecholamines,
angiotensin and vasopressin. The catecholamine levels
are higher than in any other period of life under physi-
ological circumstances. Norepinephrine constitutes
approximately 85% of the total catecholamines and in
plasma is normally increased 20-fold or more during
the first stage of labor. Also, in the newborn infant the
catecholamine levels are very high, continuing to rise
immediately after birth then decreasing to the prelabor
levels during the first 24 h or so (Figure 1.1). This is vital
for successful postnatal adaptation.

The newly born infant is normally awake and alert.
In these few hours, before it falls asleep, it is super-
sensitive to sensory stimulation. This arousal might be
caused by the catecholamine surge at birth. An activa-
tion of catecholamines in the brain, especially in the
locus ceruleus in the brainstem, takes place, and the
turnover of norepinephrine increases several fold
before birth. The high concentration of catecholamines
also increases myocardial contractility, increases
peripheral vascular resistance, promotes surfactant
secretion, reduces production and increases absorp-
tion of lung water, mobilizes glucose and free fatty
acids as energy substrates, and initiates non-shivering
thermogenesis. The increase in circulating cate-
cholamines at birth therefore probably is vital for
cardiovascular adaptation at birth. Rhythmic lung
inflation also increases plasma catecholamine levels as
does cooling and umbilical cord clamping.

Sympathetic nervous activity, especially of the
baroreceptors and chemoreceptors, increases during

gestation and the influence of the parasympathetic
system on the resting heart rate increases with matu-
ration. In fetal life sympathetic tone is high and is
important in maintaining fetal arterial blood pressure.
The basal sympathetic tone fluctuates in the normal
state and this is more important in fetal than in new-
born life to generate blood pressure variability and is
related to change in the behavioral state of the fetus.
At birth the activity increases further, for instance, in
renal sympathetic nerves, three- to fourfold; this is,
however, observed only in full-term and not in preterm
animals. This effect is also blunted by antenatal
dexamethasone.?®*"

Development of breathing

In the fetus spontaneous and rhythmic activity of the
diaphragm and respiratory muscles occurs already
from weeks 10-11 of gestation. The fetal breathing is,
in contrast to postnatal breathing, not continuous, and
with advancing gestational age fetal breathing move-
ments become more sporadic and occur only during
electrophysiological activity comparable to rapid eye
movement (REM) states. From about 30 weeks of ges-
tation the breathing seems to be more strongly influ-
enced by the behavioral state and a powerful central
inhibitory mechanism is functioning during non-REM
activity. Near term the human fetus performs breath-
ing movements approximately 25—30% of the time. In
contrast to the adult in whom hypoxemia stimulates
breathing, in the fetus it causes a rapid depression
independently of the physiological state. This is also
regulated centrally, possibly via some metabolites
such as adenosine.

The first breath occurs normally at 10-30s of life
but is delayed in birth asphyxia and also in those
given pure oxygen compared with room air. Immediately
after birth breathing is irregular and deep but within
minutes a regular breathing rhythm is established,
and such a continuous breathing rhythm is activated
by a number of stimulants. Separation of the placenta
in itself stimulates respiration, perhaps by decrease of
inhibitory substances such as adenosine and PGE,,
which are produced there. Since the concentration
of, for instance, prostaglandin I, (PGL,), decreases
relatively slowly after birth, other factors must be
responsible for the rapid initiation of respiration.
Oxygenation of the lungs itself seems to stimulate res-
piration and may contribute to this establishment.

It is clear that respiratory control in the postnatal
period is multifactorial. Airway mechanoreflexes,
thermoregulation, chemoreflexes, and behavioral
states are important. The influence of the behavioral
states on breathing patterns in the newborn is impor-
tant, especially since the newborn spends so much
time asleep. During wakefulness and REM sleep,
breathing is irregular; in quiet sleep, breathing is
slower and more regular.
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Immediately after birth thermal inputs play a major
role in regulating the respiration. A cool environment
stimulates breathing and it has been suggested that the
increased metabolic drive this initiates in order to keep
the infant in the thermo-neutral zone stimulates breath-
ing. After a few weeks the thermo-neutral zone widens
and this mechanism seems to be less influential. Instead
vagal stimuli become more important and stretch
receptors in the airways and lung parenchyma and
chest wall determine both breathing depth and fre-
quency. Lung inflation inhibits respiration, this phe-
nomenon is known as the Hering—Breuer reflex and is
more active in the newborn than in the adult and more
active in the term than in the preterm infant. Further, it
is more active during quiet sleep than in active sleep
(REM sleep). The importance of mechanosensory
receptors in the airways in regulating the respiration
plays only a minor role immediately after birth and
increases in the first weeks after birth.

The chemoreceptors in the carotid body respond
both to pCO, and pO,. In fetal life the set point for pO,
is much lower than in postnatal life, which means they
are silenced immediately after birth. The sensitivity of
the chemoreceptors both in the carotid body and in the
aorta then slowly shifts toward adult levels during the
next few days. In fetal life the chemoreceptors increase
their activity when paO, decreases below 2.7-3.3kPa
(20-25 mmHg). After birth, resetting of the chemorecep-
tors increases their activity if paO, decreases below
12-13.3kPa (90-100 mmHg). The mechanism for this
resetting is not fully understood and it has been sug-
gested that the level of catecholamines, such as
dopamine in the carotid body, may play a role. Four to
seven weeks postnatally chemoregulation is established
as the most important regulator of the respiration.

Hypercapnia affects the fetal breathing movements
in REM-like sleep only, but much more weakly than
after birth when resistance to hypercapnic respiratory
stimulation disappears during the quiet sleep state.
Sensitivity to CO, increases with increasing gestational
age and is therefore less developed in the preterm than
in the term infant. Hypoxia in the term newborn infant
results in hyperventilation for some minutes followed
by normalization or reduced ventilation due to a fall in
respiratory frequency. This second phase of ventilatory
depression is more marked in the preterm infant, who
often will not go through the initial hyperventilation
when exposed to hypoxia and thus has a response to
hypoxia similar to the fetus.?*=**

Perinatal transition of the lungs

The lung development goes through several stages: the
embryonic (3—7 weeks postconception), pseudoglan-
dular (5-17 weeks), canalicular (16—26 weeks), saccu-
lar (24-38 weeks), alveolar (36 weeks to 2 years
postnatally). A detailed description of these is found
in several textbooks. Suffice here to mention that in

the canalicular stage the appearance of vascular canals
multiplies to form the alveolar-capillary respiratory
membrane, which is the air-blood barrier and the
future gas exchange surface. The epithelium is thinner
and gas exchange may take place at the end of this
stage. The saccular stage is characterized by dilatation
of terminal respiratory units into alveolar saccules and
ducts, with a reduction in the interstitial tissue. The
alveolar stage is characterized by the formation of
secondary alveolar septa that partition the terminal
ducts and saccules into mature alveoli. The alveolar
septa become thinner during this stage, which also
increases the surface area of the lungs significantly.
Most alveoli (80%) are formed after birth.%!%

Inflation

In fetal life the lungs are fluid filled and a normal
fluid volume is a major determinant of normal lung
growth. Lung liquid is actively secreted by epithelial
cells, but the formation and volume decrease toward
term. At birth an abrupt stop is needed. It seems that
labor itself more than mechanical squeezing of lung
fluid clears the lung of its liquid. The secretory
process in fetal life is abruptly switched to allow
absorption from the lung lumen into the fetal circula-
tion. Two hours after birth the lung liquid normally is
cleared. Epinephrine, but not norepinephrine, seems
to be important to induce Na* transport out of the
lumen. Epithelial sodium (Natrium) channels (ENaC)
are important regulators of lung liquid clearance and
parallel the rise of cortisol in late gestation of guinea
pigs. Recently, the role of water channels, so-called
aquaporines, for clearing lung water after birth has
been focused on (see the section ‘Fluid Shift’). Transi-
tory tachypnea of the newborn is considered by many
as a condition in which an inadequate lung liquid clear-
ance is found due to a low stress at birth (exemplified
by C-section). At birth the infant must inflate its lungs
to provide a large enough area for gas exchange in the
course of a few minutes. The first respiratory effort
must be large enough to overcome the great resistance
caused by the surface tension of the lung liquid.
Pulmonary surfactant lowers the surface tension and
therefore facilitates the expansion of the lung. In the
absence of surfactant a positive end expiratory pres-
sure of about 28 cm H,O to avoid lung collapse and
maintain an adequate functional residual capacity is
necessary.

Inflation of the lung of a normal infant at birth is
probably nearly accomplished with the first cry if it is
vigorous. Karlberg and coworkers recorded the first
breath in a series of 11 normal term infants to occur at
the age of 6-93s. Opening of alveoli occurs serially,
each unit going to full inflation before the next one
opens. Lung inflation is extremely rapid and after
only one-third of a second the lungs look inflated as
assessed by chest x-ray. Pleural pressures vary from
10 to 70cm H,O subatmospheric during the first
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Figure 1.2 Change in lung mechanics in the first 24 h of life.
From Godfrey.3¢

breath. Others have registered opening pressures
around 30cm H,O. This large pressure is applied for
only 0.5-1s and during the first expiration there is a
high positive pleural pressure of 20-30cm H,O. The
pressure difference from inspiration to expiration in
one single breath may therefore be formidable, up to
100 cm H,O. Still, most children need an intrathoracic
pressure of less than 10 cm H,O to open their lungs vs.
4cm H,O in normal breathing. The tidal volumes
of the first breaths in term infants were found by
Karlberg and coworkers to vary between 12 and 67 ml.

Functional residual capacity increases quickly
from about 17 ml/kg at 10 min of age to 25-35 ml/kg
at 30 min, the same as 4 days of age. Lung compliance
increases gradually during the first week of life and
by 1-2 days of life the compliance is four- to fivefold
greater than it was during the first few breaths.
Simultaneously, resistance to airflow is decreased by
one-half to one-fourth of the first registered values
(Figure 1.2).

Following the initial inflation of the lung, the intra-
alveolar lung fluid moves into the interstitium and is
partially absorbed by the capillaries. Cold, light,
noise, increased force of gravity, and falling pO, and
pH all contribute to the initial gasping and subsequent
breathing. The intrathoracic pressure an infant can
generate is also dependent on the stability of the chest
wall and the strength of the respiratory muscles.
Following aeration of the lungs the pulmonary vascu-
lar resistance decreases and pulmonary blood flow
increases, left atrial pressure increases, and the fora-
men ovale closes (see the section ‘Transition of the
Circulation’).3%38

Gas exchange

In the umbilical vein blood pH has a mean of 7.33 in
normal-term infants and in arterial umbilical blood
reaches a minimum of about 7.20-7.25 a few minutes

after birth and then is normally between 7.33 and 7.36
at 20min of age. In some investigations pH already at
1h reaches 7.40-7.42. pCO, in umbilical vein cord
blood has a mean of 5.7kPa (43 mmHg) and paCO,
peaks around 8-9.3kPa (60-70 mmHg) immediately
after birth and then quickly normalizes to around
5.3 kPa (40 mmHg) or even a little lower than this by
20-60min after birth. paO, in umbilical vein cord
blood has a mean of 3.7 kPa (28 mmHg) and quickly
rises to 6.7-8kPa (50-60 mmHg) within the first
20-60min after birth and then gradually increases
toward adult levels over the next days, depending on
how quickly the foramen ovale and the ductus arte-
riosus close.*

Surfactant

Pulmonary surfactant is synthesized, stored, secreted,
and cleared in the type II cells in the alveoli. There are
almost twice as many type II cells than the flat type I
cells but they cover only 5-10% of the alveolar surface.
In addition to surfactant, they synthesize and secrete
many other bioactive components such as coagulation
factors, cytokines, growth factors, and lysozyme and
lysosomal enzymes. Active synthesis of surfactant
begins in the second trimester and around 35-36 weeks
adult pool size is obtained. At term only a fraction of
the normal amount of surfactant is present in the alve-
oli. With lung inflation at birth a dramatic secretion of
surfactant occurs and a normal pool of surfactant is
established in the alveoli after a few hours.

Maturation of surfactant is delayed by 1-2 weeks in
males compared with females and is not only depend-
ent on the amount of surfactant produced but also on
the surfactant composition. It has been shown in
several mammalian species that considerable changes
take place in the composition of surfactant as matura-
tion of the fetus occurs. One of these is the increase of
phosphatidyl choline and dipalmitoyl phosphatidyl
choline with a concomitant decrease in phosphatidyl
ethanolamine. This is reflected by an increasing
lecithin/sphingomyelin ratio in amniotic fluid during
the maturation process. The percentage of disaturated
lecithin increases and reaches about 50 around 34 weeks
of gestation. The acidic phospholipids of surfactant
follow a different pattern. At around 34-35 weeks
phosphatidyl glycerol becomes present and increases;
simultaneously, phosphatidyl inositol peaks before it
decreases toward term.*°

Surfactant proteins

Experiments with several animal species have shown
that the production of surfactant proteins in the fetal
lung increases toward term. In humans mRNA for sur-
factant proteins A, B, and C were detected as early as
13 weeks of gestation and by 24 weeks their levels
were 50% and 15% of the adult levels of mRNA for
surfactant proteins B and C, respectively. In contrast,
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mRNA for surfactant protein A is very low before
24 weeks of gestation. In rat lung surfactant protein A
increases substantially during the last 3—4 days of ges-
tation, reaching a peak at the first day of life. In adult
lungs its level doubles compared with the neonatal
level. In humans surfactant protein A normally
appears in amniotic fluid around 30-32 weeks of ges-
tation and increases with surfactant lipids toward
term. Surfactant protein B increases more gradually
during gestation and continues to do so the first days
after birth with a slight decrease in the adult.
Glucocorticoids seem to increase the production of
surfactant proteins A, B, C, and D. The hydrophilic
surfactant proteins A and D are important for host
defense and the hydrophobic proteins B and C for sta-
bilization and rapid adsorption and spreading of the
surfactant film. Surfactant protein B deficiency is a
rare autosomal recessive disorder leading to lethal
respiratory distress even in term infants. Recently,
mutations in the transport of surfactant protein B from
the lamellar bodies in type 2 cells to the surface have
been detected giving a similar clinical picture as
surfactant protein B deficiency. Surfactant protein C
deficiency is an autosomal recessive disease and clin-
ically not as dramatic as surfactant protein B defi-
ciency, but it may lead to interstitial inflammation
and pulmonary fibrosis.*™**

Transition of the circulation

Vascular changes

In fetal life the pulmonary and systemic vascular sys-
tems are coupled in parallel in contrast to the postna-
tal period when the blood circulation is coupled in
series through the right side of the heart to the lungs
and then through the left side of the heart to the sys-
temic circulation to return to the right side of the
heart through the systemic and the pulmonary vascu-
lature (Figure 1.3). The fetal circulation is character-
ized by a low systemic and a high pulmonary vascular
resistance, the opposite of the situation in postnatal
life. The fetal circulation is designed to provide a
large blood flow to the placenta and supply less to the
lungs since the fetal lung has no gas exchange until
birth. Due to the large surface of the placenta the fetal
circulation has a low resistance, and the blood pres-
sure therefore need not be high. The fetal circulation
is further characterized by the presence of three
shunts, which facilitate venous return from the pla-
centa. These are the ductus venosus and the two right
to left shunts reducing blood flow through the lungs
(foramen ovale and ductus arteriosus). Through the
foramen ovale (the opening between the right and left
atrium) and the ductus arteriosus (the connection
between the pulmonary trunk and the aorta), blood is
bypassed away from lung tissue into the systemic cir-
culation. The three shunts mentioned above therefore
contribute to a separation between blood rich in oxygen
and nutrients supplied from the placenta via the
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Figure 1.3 The fetal circulation. Ao: aorta, DA: ductus
arteriosus, DV: ductus venosus, LA: left atrium, LV: left ventricle,
PA: pulmonary artery, RA: right atrium, RV: right ventricle. From
Rudolph.*

umbilical vein; this blood supplies the brain and
myocardium.

During fetal life, blood is oxygenated in the placenta
and returns to the fetal body via the umbilical vein,
which joins the portal vein in the hepatic sinus. About
40% of the combined ventricular output goes through
the placenta. This volume of blood, approximately
200ml/kg fetal weight per minute, can be distributed
through the ductus venosus directly into the inferior
cava vein bypassing the hepatic micro-circulation, or
it can pass via the portal veins through the hepatic cir-
culation and then enter the inferior caval vein through
the hepatic veins. In the fetal sheep about 70% of the
venous return is derived from the lower portion of
the body, and 20% from the superior vena cava. Of
the remaining 10% approximately 7% comes from the
pulmonary circulation — a fraction increasing toward
term — and 3% from the myocardium. About 55% of
the umbilical venous return passes through the ductus
venosus and the rest mainly through to the right lobe
of the liver.

The fetal liver is a highly compliant organ able to
regulate the distribution of umbilical blood flow during
fetal stress. Umbilical blood flow does not change sig-
nificantly from normal values when fetal hypoxemia is
induced by maternal hypoxia; however, the intrahepatic
circulation is redistributed so that flow through the
ductus venosus is increased. This increased flow is
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distributed to favor the brain, myocardium, and placenta
in order to secure more oxygenated blood to these vital
organs during hypoxemia. After traversal through the
ductus venosus and entry into the inferior caval vein,
oxygenated blood from the placenta does not mix
with deoxygenated blood from the lower body. This
blood when entering the inferior caval vein streams in
parallel with blood from the lower body. When enter-
ing the right atrium the blood from the placenta and
the blood from the lower body are split by crista divi-
dens and blood originating from the ductus venosus
preferentially crosses the foramen ovale into the left
side of the heart and therefore the myocardium and
the head are supplied with oxygen-enriched blood.
Blood from the lower body and right liver lobe prefer-
entially passes through the tricuspid valve into the
right ventricle together with blood from the superior
vena cava. Thus, blood with lower oxygen content is
pumped out of the right ventricle and reaches the
lower parts of the body.

Doppler studies in humans have demonstrated that
the ductus venosus is a narrow vessel projecting a high-
velocity jet posteriorly to reach the foramen ovale. The
high peak velocity in the ductus venosus may give
the blood sufficient momentum to reach the foramen
ovale without extensive mixing with deoxygenated
and nutrient poor blood. Blood streaming, therefore,
not only occurs in parallel, but also side by side at dif-
ferent velocities when entering the right atrium.

Umbilical venous blood has a pO, of 4—4.7kPa
(30-35 mmHg). After mixing with portal venous and
inferior caval blood the pO, is about 3.5-3.7kPa
(26—28 mmHg). Venous blood returning from the supe-
rior cava vein has a pO, of 1.6-1.9kPa (12—14 mmHg)
and this combines with the inferior caval vein stream
passing through the tricuspid valve, giving a pO, in
the right ventricle of 2.4—-2.5kPa (18—19 mmHg). The
pO, of the blood entering the left ventricle and the
ascending aorta is about 3.1-3.3kPa (23-25 mmHg),
slightly less than in the proximal part of the inferior
caval vein due to mixing with blood from the pul-
monary veins in the left atrium. The descending aortic
blood, which is a mixture of blood passing through the
ductus arteriosus and the aortic isthmus, has a pO, of
2.7-2.9kPa (20-22 mmHg). Postnatally there is essen-
tially no mixing of blood oxygenated in the lungs and
systemic venous blood.

Fetal pulmonary vascular resistance falls with
advancing gestational age primarily due to the great
increase in the number of pulmonary vessels, expand-
ing the total cross-sectional area of the vascular bed.
Pulmonary blood flow and pulmonary artery pressure
increase substantially in the fetal sheep from midges-
tation toward term.***°

Establishment of the postnatal lung

The most dramatic changes in the circulation occur
at birth when gas exchange through the lungs is

established. Immediately after birth the umbilical
placental blood flow is stopped and the pulmonary
circulation is established adequately. Neither in the
placenta nor in the umbilical cord vessels are adren-
ergic or cholinergic nerve fibers detected. So the
regulation of cord flow is probably mainly due to
vasoactive factors. Within a minute after birth umbil-
ical blood flow is less than one-fifth of the fetal level.
Simultaneously, a significant decrease in umbilical
artery and vein diameters is observed within another
minute. The mechanisms behind this are not fully
understood but cooling, increased oxygen tension,
and stretching of the cord may play a role. Locally
produced mediators such as serotonin are powerful
constrictors of umbilical vessels. The umbilical vessels
also constrict by mechanical stimulation, particularly
stretching, and the constriction is upheld by the
immediate increase in systemic oxygen tension.
Simultaneously, venous return through the inferior
caval vein is reduced by removal of the placental cir-
culation. Cessation of venous return reduces flow
through the ductus venosus and this vessel therefore
closes passively within 3-7 days after birth.

After birth, ventilation of the lungs with air results
in a four- to tenfold increase in pulmonary blood flow,
which is associated with a relatively rapid fall in pul-
monary vascular resistance (Figure 1.4). These effects
are mediated by mechanical lung changes, lowering of
pCO,, and increase in pO,, each factor accounting for
the pulmonary vasodilator effects seen after birth.

In addition to the structural adaptation of the pul-
monary circulation after birth there are a number of
vasoactive substances participating in the regulation
of the pulmonary vascular tone in the perinatal
period. The pulmonary vascular endothelium is cen-
tral in the regulation of vascular tone. By stimulation
the endothelial cells may release vasoactive sub-
stances into the circulation, or release lung tissue
enzymes involved in the activation or inactivation of
vasoactive mediators.

In recent years endothelium-derived relaxing
factors such as nitric oxide (NO) have been identified
and together with PGI, may be responsible for the
rapid decrease in pulmonary vascular resistance that
occurs at the onset of normal ventilation after birth. In
fetal circulation there is an increased production of
nitric oxide compared with adult levels. This nitric
oxide contributes to the low vascular resistance and
increased flow, for instance, in the gastrointestinal
tract. Increased fetal oxygen tension increases the
release of NO. The increase in pulmonary blood flow in
response to the high oxygen concentration at birth as
well as distention of the lung seems to be mediated, at
least partly, by NO. This system seems to be especially
potent near term, the reaction of the preterm is dimin-
ished. Endogenous NO production is augmented due
to induction of especially endothelial nitric oxide
synthase (eNQOS). In the baboon both inducible NOS
and eNOS activities increase during gestation, falling
toward term. However, the total NOS activity seems to
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Figure 1.4 Changes in fetal pulmonary arterial pressure,
pulmonary blood flow, and vascular resistance in the perinatal
period. From Rudolph.*®

be preserved. Both hypoxemia and diaphragmatic
hernia decrease NOS expression. A lack of neuronal
nitric oxide synthetase has been found in neonatal
hypertrophic pyloric stenosis. Arachidonic acid
metabolites are involved in the physiological regula-
tion of the perinatal circulation. PGI, is a strong pul-
monary vasodilatator. Mechanical stimulation of the
lungs leads to PGI, production and ventilation of the
fetal lung itself increases concentration of PGI, in pul-
monary venous blood. The release of this metabolite
is also stimulated by histamine, bradykinin, reactive
oxygen species (ROS), and adenosine triphosphate
(ATP), as well as angiotensin II, which is high imme-
diately after birth.

Bradykinin is a potent vasoconstrictor in the umbil-
icoplacental circulation but otherwise is usually a
vasodilatator. Bradykinin is released in fetal lungs
during ventilation with air or during hyperbaric
oxygenation. It is therefore possible that bradykinin
could play a role in postnatal pulmonary circulatory
changes. Endothelium-dependent vasoconstriction
can also be stimulated by substances and factors such
as acetylcholine, thrombin, serotonin, physical forces,
and hypoxia. There are also endothelium-derived
vascular constricting factors such as metabolites of
arachidonic acid [thromboxane A, (TXA,) and PGH,],
as well as endothelin and free radicals. In animal
studies it has been shown that ROS are able to
potently constrict the pulmonary vasculature and to
dilate the ductus arteriosus. It has been shown both in
the lungs and in the isolated ductus arteriosus that
ROS stimulate the production of prostaglandins. In

the lungs there seems to be a balance between dilating
and constricting prostaglandins. The constrictor TXA,
is elevated first, followed by the dilator PGI,, when
the pulmonary circulation is exposed to free oxygen
radical generating systems. These substances there-
fore can have both constrictory and dilatory effects
on the pulmonary circulation depending on the bal-
ance between TXA, and PGI,. Superoxide radicals, for
instance, can act by inactivating NO and also by acti-
vation of endothelial cyclooxygenase products. In addi-
tion, endothelin and angiotensin II have a prolonged
effect on the tone and structure of blood vessels.

Remodeling of the pulmonary vasculature occurs
immediately after birth, contributing to the decrease
in pulmonary vascular resistance. In the precapillary
arteries the endothelial cells shortly after birth
become slimmer, the surface/volume ratio increases
so the vessel wall becomes thinner, and the lumen
diameter increases. Further, small, unopened muscu-
lar arteries are recruited to the pulmonary circulation
during the first days after birth. Thus, a structural
adaptation to extrauterine life consists of changes in
cell shape and position. The structural remodeling
during the first 2 weeks of life in the pig lungs con-
tributes to the reduction in mean pulmonary artery
pressure from 55 to 14 mmHg.

The baroreflex setting of heart rate mediated by
baroreceptor fibers in the carotic body and aortic arch
is active in both fetal and newborn life, but with dif-
ferent sensitivity and shifts toward higher pressures
during development.*®°0°1

Ductus arteriosus

The open ductus arteriosus in fetal life diverts blood
away from the lungs toward the descending aorta. The
patent ductus is regulated both by dilating and by
contracting factors. Prostaglandins play an important
role in maintaining the patency, and the ductus is
especially sensitive to the dilating action of PGE,.
Oxygen is a potent constrictor of the ductus and
becomes more effective the more mature the fetus is.
This is due to the fact that in early fetal life the duc-
tus has decreased muscular development, causing
less contractile ability. In fetal lambs the ductus arte-
riosus is also more sensitive to the dilating effect of
PGE, in the preterm than near term. This is due to a
developmental alteration in the sensitivity of the ves-
sels to prostaglandins. It is circulating PGE,, probably
produced in the placenta, which probably controls
the ductus arteriosus in utero. After birth, when the
oxygen tension increases, the ductal wall is itself
capable of producing PGE,. Reactive oxygen meta-
bolites (ROS) may stimulate PGE, synthesis in the
isolated ductal wall from fetal lambs. In the ductus
arteriosus ROS can therefore contribute to dilatation
by turning on prostaglandin synthesis in the ductal
wall. The functional closure of the ductus, therefore,
is promoted by an increase in oxygen tension, and a
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p450 hemoprotein located in the smooth muscle
plasma membrane is a receptor of the oxygen-induced
events. Further, a decrease in blood pressure within
the ductus itself, a decrease in circulating PGE, (due
to loss of placental prostaglandin synthesis and
increase in prostaglandin removal by the lungs), and
finally a decrease in PGE, receptors in the ductus wall
also contribute to constriction of the ductus. In full-
term infants closure of the ductus arteriosus occurs in
two phases with a functional closure within the first
hours after birth due to smooth muscle constriction,
and the anatomic closure caused by closure of the
lumen due to thickening of the intima and loss of
smooth muscle cells. This is caused by progressive
thickening of the intima, so it eventually occludes the
constricted lumen. Smooth muscles migrate from
media into the intima layer. Vascular endothelial
growth factor plays an important role in this intimal

‘cushion’.%?7%¢

Myocardium

At the end of gestation, right and left ventricular
systolic pressures are equal, 65-70 mmHg. The cardiac
output of the right ventricle is, however, in fetal life
50% higher than the left ventricle mainly due to the
fact that the left ventricle has a high afterload caused
by the high vascular resistance of the head, neck,
and forelimbs, while the right ventricle’s afterload is
lower because of the low umbilical-placental resist-
ance. The removal of the low-resistance placental
circulation results in an increase in systemic vascular
resistance. The combined ventricular output in the
fetal lamb is about 500 ml/kg/min; however, after birth
there is an increase in total cardiac output and during
the first few days each ventricle ejects approximately
350 ml/kg/min. During the next weeks in the newborn
lamb there is a rapid decrease in cardiac output to a
level of about 150 ml/kg/min and then it falls slowly
to the adult level of 70-80ml/kg/min. Cardiac output
changes parallel changes in oxygen consumption.

O, consumption is almost identical in the adult
and fetal hearts; however, the fuel used by them is dif-
ferent since the adult heart uses fatty acids and the
fetal heart is an obligatory user of carbohydrates as a
substrate for oxidative phosphorylation. In the fetal
lamb 60% of these carbohydrates are lactate, 35%
glucose and 5% pyruvate. This can explain why a fall
in circulating glucose concentrations results in
myocardial depression in fetal and neonatal life but
not later in life. In fact, it has been shown that fatty
acids are detrimental to fetal cardiac function. In
order to use fatty acids as fuel they must be trans-
formed to Ac-CoA, which is transesterified with car-
nitine and in this form is transported across the
mitochondrial membrane by the transport enzyme
carnitine-palmitoyl transferase (CPT). CPT is inhib-
ited by malonyl-CoA, which is high in fetal life.
Malonyl-CoA is regulated by glucagon and during the

delivery glucagon concentration increases sharply,
thereby reducing the concentration of malonyl-CoA
and releasing CPT inhibition allowing fatty acid oxi-
dation to proceed.

The contractile properties of the myocyte also differ
in fetal and adult life. Only about 30% of fetal cardiac
muscle consists of contractile elements compared with
approximately 60% in the adult. The velocity of short-
ening of the myocyte is also lower in fetal life.
Especially, preterm infants and to some degree also
term infants have therefore a much reduced ability to
tolerate an increase in afterload. The change from fetal
to adult performance seems, however, to occur quickly
after birth.

At birth, cardiac output increases considerably and
the left ventricular level is doubled compared with
fetal levels. This higher left ventricular inotropy and
performance is due to sympathetico-adrenal stimula-
tion after birth, and T3 seems to be important in
maturation of the fetal myocardial response. After
birth, myocardial contractility is greatly increased but
because of the high demands on the circulation to
provide the increased oxygen requirements for metab-
olism, there is also little reserve available, and thus
volume loading results in only a small rise in cardiac
output. In a fetus an increase in heart rate gives a fall
in end diastolic volume and stroke volume unless ven-
tricular diastolic filling is maintained. The rearrange-
ment of the circulation after birth leads to an increased
end diastolic left ventricular volume, which leads to an
increased stroke volume. The days after birth a gradual
decrease in cardiac output per kilogram is observed
returning to the fetal levels.

Fetuses at midgestation have individualized heart
rates that are stable. The control of heart rate variabil-
ity seems to develop later and fetal heart rate variabil-
ity is predictive of neonatal heart rate variability not
until 30 weeks. With increasing gestation there is a
reduced fetal heart rate variability and this demon-
strates the development of the autonomic nerve sys-
tem during gestation. Heart rate at birth is around
160—180 beats/min and decreases to 120 beats/min in
sleeping newborn infants and to 140—160 beats/min in
awake newborn infants. The postnatal situation com-
pared with the fetal is characterized by a decrease in
heart rate, postextrasystolic potentiation increases,
and inotropic responses to catecholamine elevation,
suggesting that the postnatal heart has greater poten-
tial reserves than in fetal life.*>#049

Shift in oxygen transport

The newborn infant has a higher oxygen demand than
the fetus and the oxygen consumption typically is
increased between two- and threefold in the first days
of life. O, consumption per kilogram of body weight is
higher in the newborn than in the adult and the fetus.
In adult life O, consumption is about half that in the
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immediate newborn period; however, when compared
with body surface area this age difference seems to dis-
appear. The delivery of oxygen to the tissues depends
on (1) the oxygen content of the blood, (2) the cardiac
output, (3) the distribution of the circulation, and
(4) the affinity of oxygen to hemoglobin. In fetal blood
there is a high affinity to oxygen. The postnatal decrease
in hemoglobin O, affinity is caused by an increase in
adult hemoglobin at the expense of fetal hemoglobin,
and an increase from birth in the concentration of
2,3-diphosphoglycerate (DPG). During gestation until
34 weeks, fetal hemoglobin comprises about 90% of
the total hemoglobin, falling to 80% at term, and from
birth to 8 months of age there is a gradual decline in
fetal hemoglobin to less than 2%. Fetal red cells have
a higher oxygen affinity than adult cells, which is
achieved by a reduced interaction between fetal
hemoglobin and 2,3-DPG than in adult hemoglobin.
The concentration of 2,3-DPG in fetal and adult cells
is almost the same. 2,3-DPG present in the erythro-
cytes decreases the affinity to O, through an allosteric
action with the hemoglobin molecule. DPG does not
bind as strongly to fetal hemoglobin as the adult
hemoglobin. In addition, it is low immediately after
birth, making a high O, affinity immediately after
birth with a p50 of approximately 2.7 kPa (20 mmHg)
vs. 4 kPa (30 mmHg) at 8 months of age. Therefore, in
the newborn period and early infancy when the fetal
hemoglobin concentration is high, intraerythrocyte
change in 2,3-DPG has little effect on p50; however,
later in life the modulating effect of 2,3-DPG on
oxygen affinity plays a more important role. In the
fetal period the high oxygen-carrying capacity and
greater oxygen affinity of fetal blood in fact compen-
sate for the one-fifth to one-fourth oxygen tension of
adult blood, ending with rather similar oxygen satu-
ration at term and in adult life. Fetal blood also is
slightly hypercarbic and acidotic, whereas the mater-
nal blood is hypocarbic and alkalotic. The Bohr effect,
that is, the shift in the oxygen equilibrium curve to
the right by increased pCO, or decreased pH, giving a
higher oxygen tension, is more pronounced with a
lower pH and more efficient in the fetus. In addition,
a higher temperature of the fetus contributes to a shift
in the fetal dissociation curve to the right.>>=%”

Tissue injury

Energy metabolism

Most of the oxygen taken into the body is used in cell
energy metabolism. The metabolic process is a redox
process where energy is released in a stepwise fashion
and stored as ATP. Energy metabolism can schemati-
cally be divided into three parts. In step 1 glucose,
amino acids and fatty acids are broken down to Ac-CoA.
In the second step Ac-CoA enters the tricarboxylic
acid (Krebs) cycle, the final common pathway of all
fuel substrates in aerobic cells. Here, acetyl groups are

metabolized to form carbon dioxide and hydrogen
ions. In step 3, the hydrogen ions enter the respiratory
chain of the cell, a series of electron carriers linked to
oxidative phosphorylation, with ATP formed in a
stepwise manner. Oxygen is the final electron acceptor
and is necessary for continuous oxidation of reduced
coenzymes in the respiratory chain. Oxygen, therefore,
can be considered as the ‘garbage cleaner’ of energy
metabolism taking care of its waste products, the elec-
trons, after having traversed through the respiratory
chain.

The energy metabolism tends to keep the energy
charge, EC [EC=0.5([ATP]+[ADP]/[ATP] +[ADP] +
[AMP])], of the cell at an optimal level, which is
around 0.85. This can be achieved in two ways, either
by increasing the ATP concentration or by increasing
the catabolism of AMP. In hypoxia with lack of energy
the cell might be forced to choose the latter alterna-
tive. An accelerated breakdown of AMP occurs. This
is a hazardous compensation since the cell might lose
its purine pool irreversibly. One of the intermediate
breakdown products is, however, adenosine. This
metabolite has important control feedback functions
in brain hypoxia, partly because it is an active vasodi-
latator and thus contributes to a higher oxygen supply
to hypoxic tissues and partly because adenosine in
itself cuts down brain metabolism. When adenosine
accumulates because of energy deficiency, this
metabolite fights back by contributing to an increased
oxygen supply and a decreased energy need. This is
important also because a breakdown product from
adenosine is hypoxanthine. This metabolite accumu-
lates in tissues and body fluids during hypoxia and its
extracellular concentration reflects the intracellular
energy charge. However, hypoxanthine is also a
potential oxygen radical generator during reoxygena-
tion and it is therefore probably advantageous for the
organism to try to keep the hypoxanthine concentra-
tion as low as possible.

Before the cell’s energy charge falls markedly,
several biochemical compensatory mechanisms are
activated. First, glycolysis is accelerated many fold.
Pyruvate is reduced to lactate, while nicotinamide
adenine nucleotide (NADH) is oxidized to NADT.
This is the basis for the use of lactate as a clinical marker
of hypoxia. Lactate augmentation merely reflects the
compensation mechanism. Although hypoxanthine and
lactate parallel each other in many clinical settings,
hypoxanthine nevertheless more correctly reflects the
intracellular energy status of the cells.

As soon as oxygen delivery to the cells declines the
mitochondria also change their metabolism to utilize
available oxygen more efficiently. The compensation
takes place 30—60min after a reduction in oxygen
supply. In the fetus or in the immediate newborn
period mitochondrial adaptation already is maximal.
A fetus has a respiratory capacity of about 300% of
the adult, but by 10-14 days after birth the newborn
and adult levels equate in this respect. What does this
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mean for the fetus and newborn? First, they are able to
utilize the limited oxygen supply very efficiently. On
the other hand, the fetus is unable to make cellular
respiratory adaptations if hypoxia occurs. From this
point of view, the fetus and newborn are more vul-
nerable to hypoxia than older patients.

Hypoxic injury to the perinatal brain

It has been known since Boyle’s classical experiment
in 1670 that newborn animals can resist hypoxia
longer than adult ones. In the 1960s and 1970s it was
shown that the preterm monkey can withstand
hypoxia longer than the term one. In fact, in the fetal
monkey there was an exponential relation between
duration of hypoxia and gestational age when the out-
come measure was neurologic brain injury (cerebral
palsy). The younger the animal the longer it could
resist hypoxia before brain injury occurred. Thus,
mature fetal rats survive in pure nitrogen more than
25 times longer and 1-day-old rats about 10 times
longer than adult rats. One part of the explanation for
this seems to be that newborn animals can preserve
cerebral circulation and thus ensure supply of sub-
strates for energy metabolism better than in the adult.
Further, it is known that oxygen demand of the brain
is lower in fetal life and increases with gestation. The
immature brain has smaller neurons, which are less
branched with fewer synapses. The energy require-
ment is therefore lower and the cerebral metabolic
rate of oxygen is lower in the immature brain com-
pared with the adult. The fetal brain is also able to use
alternative sources such as ketone bodies as fuel for
energy metabolism. Further, the glycolytic capacity
allows the immature brain to regenerate ATP at a
higher rate than in the adult brain.

The perinatal period is also accompanied by dramatic
neurochemical changes. The concentration of excitatory
amino acids such as glutamate peaks around term and
may contribute to a higher sensitivity to hypoxia in the
term compared with the preterm infant.?*>

Apoptosis and necrosis

Apoptosis is an important part of development and
homeostasis. For instance, in the developing brain
perhaps up to half of the cells undergo apoptosis, in
spite of the fact that the distinction between apoptotic
and necrotic death is considered less clear than previ-
ously. These two modes of cell death are considered
by many as a continuum running from apoptosis to
necrosis more than two different entities. Infants who
have undergone secondary energy failure after, for
instance, birth asphyxia, have a tendency to lose their
neurons by necrosis, while those dying in utero have
experienced more apoptotic death. The same injury
may induce apoptosis in the fetus or newborn and
necrosis in the adult organism. To make it more com-
plex the same cell may undergo apoptosis if the injury

is mild and necrosis if it is severe. Oxidative stress
plays an important role in initiating apoptosis, for
instance, through opening up the mitochondrial per-
meability transition pore. This reduces the mitochon-
drial membrane potential and release of substances that
are involved in apoptosis, for instance, cytochrome
c and Apaf-1, both of which activate caspase-3, which
is specifically involved in the apoptotic execution. As
mentioned already, the fetus is more susceptible to
oxidative stress than the term newborn and therefore
also perhaps more susceptible to this mechanism.®

Development of antioxidants

In fetal life paO, is around 3.3kPa (25 mmHg) and
after birth rises quickly to 8kPa (60 mmHg) over the
next 30min. In order to survive in an oxygen-rich
atmosphere antioxidant systems must be well devel-
oped at birth. A number of defense systems have been
described. In the lung and kidney, maturation of
antioxyenzymes such as superoxide dismutases, glu-
tathione peroxidase, and catalase seems to occur near
term in animal fetuses. In fact, the maturation of these
systems occurs in parallel with the maturation of the
surfactant system. Furthermore, preterm infants with
gestational age of 24—29 weeks have only 50% activ-
ity of Cu/Zn superoxide dismutase in cord erythro-
cytes compared with term infants. Glutathione is a
major intracellular antioxidant and is found in high
concentrations (mM) in eukaryotic cells. Glutathione
is the substrate for glutathione peroxidase, which cat-
alyzes oxidation of reduced to oxidized glutathione
at the expense of hydrogen peroxide. The rate of
glutathione synthesis from methionine is strongly
reduced in preterm infants compared with term ones.
These data therefore suggest that at least the intracel-
lular defense against free radicals is low in many
organs in fetal life and probably also in the human
fetus. A preterm infant is therefore more vulnerable to
increased oxidative stress and attacks of free radicals
than a term one. In contrast to the intracellular defense,
extracellular antioxidants seem to be adequately devel-
oped at term, and the concentration of several extra-
cellular antioxidants such as ascorbate is very high in
the umbilical cord (see Chapter 6).517%*

Thermal regulation

In fetal life the body temperature is efficiently regu-
lated to be 0.5°C higher than the maternal. The tight
linkage between fetal and maternal body temperature
is called a ‘heat clamp’, which prevents the fetus from
independent regulation of its temperature. At birth a
dramatic change in the thermal environment occurs.
During the first hours of life core body temperature
can fall to less than 36°C if the newborn is not taken
care of optimally. After 8h, body temperature has
usually returned to the normal adult range. Since the
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newborn infant has a relatively large body surface
area and limited thermal insulation it is necessary to
wrap the newborn infant adequately. The newborn
infant in fact has the capability to regulate the tem-
perature by sweating and can also respond to a cool
environment by increasing the metabolic rate. This
takes place without shivering, is activated by cate-
cholamines, and the heat is generated mainly from
brown fat, which is present in large amounts in the
full-term infant. Although the fetus may mobilize
brown fat the thermogenic responses still are very
low. These require increased oxygen and substrate
consumption. The combination of hypoxia and
hypothermia therefore is dangerous.”>%

Skin

The transition from intra- to extrauterine life is dra-
matic for the skin, perhaps the largest organ of the
body. It immediately must be a barrier to water loss; it
takes part in thermoregulation, protects against infec-
tions, has an antioxidant function, and protects
against UV light. The skin is a barrier to chemicals
and is needed for tactile discrimination as well as
being an important emotional and psychological link
between the child and its caregivers. The skin of the
term in contrast to the preterm infant also has a highly
developed immunological system. In utero the skin is
in a sterile environment but already in the birth canal
it is colonized and specific cells in the epidermal
layer take part in host defense.

Prenatally, lipid synthesis is necessary for produc-
tion of vernix caseosa, forming a barrier that is needed
for successful adaptation to postnatal life. The vernix
also may function as an endogenous skin cleanser
removing, for instance, carbon particles. Of interest is
that both the stratum corneum of epidermis and the
brain contain very high concentrations of ceramides.
The close embryological relation between these two
organs both derived ectodermally makes this an inter-
esting observation. At birth the epidermis is pH neu-
tral but rapidly over the first postnatal weeks, it
develops an ‘acid mantle’ that is characteristic of
human skin. This acidic surface can be destroyed by
using alkaline soaps for infant bathing and is delayed
in very low birth weight infants. The acid mantle is
believed to be important in antimicrobial defense
as well as in keeping the integrity of the epidermal
barrier. Postnatally transepidermal water loss that
increases after birth is an important regulator of DNA
and lipid synthesis in the epidermis.®®

Circadian rhythms

The clock for the circadian rhythms is set by the
suprachiasmatic nucleus. It is fascinating that the neu-
rons in this area of the brain in vitro oscillate within a

period close to 24 h. This is regulated by light, which
in a complex way affects gene expression of transcrip-
tion factors. Efferent pathways from the suprachias-
matic nerve control the pineal function and regulate
the rhythms of endocrine, cardiovascular, temperature,
and even behavioral circadian variations.

From midgestation the suprachiasmatic nucleus is
present in the fetus and diurnal rhythms are found in
the human fetus after 20 weeks. Whether or not they
are intrinsically regulated or are due to maternal con-
trol, for instance, via maternal melatonin rhythms, is
unclear. However, in fetal life the maternal rhythms
are mainly followed by the rhythm of the mother
exemplified by cortisol fluctuations. In contrast, fetal
autonomic activity that controls the heart rate follows
a 12-h cycle and not the mother’s 24-h rhythm. This
12-h rhythm disappears immediately after birth and
around 2—4 weeks the 24-h rhythm is established. It
takes 8—12 weeks before postnatal circadian rhythms
in sleep and wakefulness as well as plasma cortisol
and melatonin are established.*"%

Gene activation at birth

In the near future the transition at birth will be described
by a shift in different gene activities and not only by
physiological and biochemical changes. Labor affects
the mRNA encoding for a number of enzymes such as
tyrosine hydroxylase, dopamine-beta-hydroxylase.
mRNA encoding for substance P increases many fold
in the nucleus tractus solitarius the first days of life.
Substance P probably plays a role in the central respi-
ratory control by promoting the hypoxic drive from
peripheral chemoreceptors. Depression of genes is
also described at birth and in some circumstances
there is a shift from one isoform to the other. One
example is the expression of genes that encode the
muscle-specific and non-muscle-specific isoforms of
cytochrom oxidase subunit VIa during pre- and post-
natal life of striated muscle in the mouse. The non-
muscle form is the predominant isoform in fetal life
and is gradually at the end of gestation and early
neonatal life replaced by the muscle-specific isoform
both in cardiac and in skeletal muscle.®®

Conclusion

In order to understand both normal development as
well as disease processes in the newborn infant it is
necessary to have insight into the complex changes
that occur in relation to birth. Previously, physiologi-
cal processes have been emphasized giving us valu-
able knowledge on the perinatal transition of the
cardiovascular and pulmonary systems. Recently,
biochemical changes in relation to birth have been
understood more fully as, for instance, the maturation
of the surfactant system and antioxidative systems.
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Presently, more and more data will accumulate, teaching
us how the transition at birth is regulated at the gene
level. In this way it could hopefully be possible to
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Introduction

Neonatal jaundice is one of the most common conditions
of the newborn. Neonatologists are concerned about this
problem, not only for the risk of bilirubin encephalopa-
thy in very low-birth-weight infants and in full-term
infants with hemolysis due to different causes (rhesus
and ABO hemolytic disease, glucose-6-phosphate
dehydrogenase deficiency, etc.), but also because of
the anxiety that jaundice in the full-term neonate
gives to parents.

In neonates, jaundice becomes apparent at higher
serum bilirubin concentrations in comparison to
adults (5—7 mg/dl or 85—120 mmol/] in comparison to
2-3mg/dl or 35—50 mmol/l). If we take into account
clinically evident jaundice, we can say that almost
60—70% of term infants and almost all prematures
present with jaundice. But, if we consider a cutoff of
>12.9mg/dl (220mmol/l), which in full-term infants
is the most accepted limit to consider jaundice as
deserving attention, only 5% or less present with a
serum bilirubin concentration higher than that."?

Neonatal jaundice is principally the result of tran-
sient deficiency of bilirubin conjugation, some defi-
ciency of hepatic uptake and intracellular transport,
and an increased enterohepatic circulation of the pig-
ment. It is notable that bilirubin production in the new-
born is two or more times greater than that in the adult
per kilogram of body weight.? The serum bilirubin level
at any point in time is dependent on the rate of biliru-
bin production minus the rate of bilirubin excretion.

The largest portion of bilirubin is derived from
heme breakdown of hemoglobin, myoglobin, mito-
chondrial and microsomal cytochromes, catalase, and
peroxidase. Heme degradation probably occurs by
auto-oxidation after reduction of ferric (Fe®*") heme to
the ferrous state (Fe**) by the action of heme oxyge-
nase and reduced form of nicotinamide adenine
dinucleotide phosphate (NADPH) cytochrome ¢ (P450)
reductase.®* The methene-bridge carbon of the heme
is eliminated as carbon monoxide (CO). At the end of
this process biliverdin is formed, and is subsequently
reduced to bilirubin through the activity of biliverdin
reductase. For each molecule of bilirubin formed, a
molecule of CO is produced, which constitutes the

basis for measuring bilirubin production by determi-
nation of the CO concentration in the expired air, or
the carboxyhemoglobin content of the blood.?

Three isoforms of HO have been isolated: inducible
heme oxygenase (HO-1), constitutive heme oxygenase
(HO-2), and the more recently discovered and less
active heme oxygenase isoform (HO-3).° HO-1 is a
known stress response protein, whose transcription
can be induced by a whole array of stresses, including
endotoxin, transition metals, heme, hemoglobin, and
other heme proteins.® Indeed, it has been suggested that
HO-1 induction might represent a generalized response
to oxidative stress®”® and that it could confer cellular
protection against oxidant stress. However, recent stud-
ies suggest that HO-1 induction might not always be
beneficial and that the release of redox-active iron from
heme might induce an increase of oxidative stress.”'
Moreover, in vitro studies'"'* suggested that the possi-
ble protective antioxidant action of HO-1 could occur
within a narrow range, as when HO-1 is overexpressed,
and free-iron release may obviate any cytoprotective
effect against oxidative stress."?

Bilirubin solubility

Bilirubin is derived from heme by separation from
methene-bridge. The configuration on the C-5 and
C-14 bridges is very important, and bilirubin preferen-
tially takes the Z form. Moreover, (Z,Z)-bilirubin IXa
has a configuration that makes the formation of
intramolecular hydrogen bridge linkages possible. For
this reason it is almost insoluble in aqueous media
(1-10nmol/l at pH 7.4), but dissolves readily in a
number of non-polar solvents. The degree to which
bilirubin (B) ionizes with the propionic acid residue
depends on the pH, and this is decisive both for the
distribution of the molecule and for its toxicity:

B*+H <> BH ; BH +H+— BH,
The dissociation constants cannot be determined with
absolute precision owing to the problem of solubility,

but they are found to be approximately pK,=4.4 and
pK,=6.5."
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All modifications of the molecule that prevent the
formation of hydrogen bridges cause an increase in
water solubility. In the human, this takes the form of an
esterification of the residue of propionic acid with glu-
curonic acid, which makes excretion in the bile possi-
ble. Obviously, monoconjugated bilirubin is less soluble
than diconjugated bilirubin, and can thus precipitate in
the biliary tract forming stones. Alkalinization (salt
formation) or the addition of non-polar solvents, such
as chloroform, methanol, ethanol, etc., also results in
better solubility, and this is the key mechanism used in
the laboratory to differentiate between direct-reacting
(mostly the conjugated form) and indirect-reacting
(unconjugated) bilirubin.

Distribution of bilirubin in the body

The distribution of bilirubin in the body is essentially
determined by its firm binding to albumin. However, the
presence of a visible jaundice seems to be due, at least in
part, to the presence of bilirubin in the skin. Therefore,
there is a dynamic competition between tissue-binding
sites and albumin-binding sites. In fact, albumin binds
bilirubin according to the law of mass action:

Bilirubin +albumin <+ albumin—bilirubin

(albumin—bilirubin) _KA

albumin x bilirubin

Two classes of binding sites have been observed: a
primary binding site with an extremely high affinity
for bilirubin (KA,=7 x10”1/mol at 37°C) and one or
two other binding sites with a lesser affinity
(KA,=5 x10°l/mol). The concentration of free biliru-
bin is mostly determined by the molar relationship
between bilirubin and albumin. However, bilirubin
can be displaced from its binding site by certain
drugs, such as sulfisoxazole, benzoate, salicylate, etc.
Nowadays, every drug intended for use in newborns
must be accompanied by the evidence that it has no
effect on bilirubin—albumin binding."

At the hepatic level, bilirubin is taken up at the sinu-
soidal membrane level, but about 40% is then regurgi-
tated into the plasma again. The albumin —bilirubin
complex seems to bind to specific receptors located on
the basolateral surface of the sinusoidal plasmatic
membrane of the hepatocyte much better than bilirubin
alone.’® In the hepatocyte, bilirubin reacts with bind-
ing proteins, the most important being glutathione
S-transferase, thus preventing its regurgitation into
the plasma. Bilirubin has a low solubility in water due
to the fact that its hydrophilic groups are masked by
hydrogen bonds; however, it is made hydrosoluble by
esterification in the endoplasmic reticulum, with one
or both propionic acid side chains reacting with a sugar
residue to form mono- or diesters; in this way the
formation of hydrogen bonds is prevented.'”

The formation of bilirubin glycosides is catalyzed
by uridine diphosphate (UDP) glycosyltransferase, an
enzyme system that utilizes bilirubin as an acceptor
substrate, and UDP sugars (especially glucuronic acid)
that act as donor substrates. Transfer from binding pro-
teins to the enzyme system does not necessarily require
a higher affinity for the enzyme-binding site, because
bilirubin is far more soluble in membranes than in the
aqueous cytoplasm, and the reaction could therefore
take place simply by means of a favorable partitioning.
Furthermore, the bilirubin monoglucuronide could be
converted to diglucuronide by the same enzyme sys-
tem, following a 180° rotation of the monoglucuronide
molecule, or it could even be excreted without modifi-
cation in the bile.

Oxidative stress and neonatal
hyperbilirubinemia

Several reports have emphasized the antioxidant role
of bilirubin, which in human neonatal plasma seems
to have a greater antioxidant potency than urates,
a-tochoferol, or ascorbates.'® In particular, unconju-
gated bilirubin is able to scavenge singlet oxygen with
high efficiency to react with superoxide anions and
peroxyl radicals, and to serve as a reducing substrate
for peroxidases in the presence of hydrogen peroxide
or organic hydroperoxides. Nevertheless, although the
antioxidant effect of bilirubin as a scavenger of reac-
tive oxygen species is well documented in vitro'*** as
well as in animal studies,?® its role in vivo has not been
definitively cleared in preterm infants.?*”

Recently, two studies investigated the possible rela-
tionship between plasma bilirubin levels and oxida-
tive stress in newborn infants®**° excluding the fact
that bilirubin acts as an antioxidant agent in vivo. It
was demonstrated that the decrease of plasma biliru-
bin level (probably induced by phototherapy) was
associated with the concurrent increase of HO-1 activ-
ity in blood and the decrease of oxidative stress, sug-
gesting an antioxidant effect of HO-1 exerted in vivo
by mechanisms other than bilirubin formation. These
protective mechanisms could involve the removal of
the pro-oxidant heme, the removal of hydrogen super-
oxide during the degradation of heme, the induction
of ferritin synthesis, which sequesters redox-active
iron, and the regulation of superoxide anion produc-
tion. Other possible mechanisms could involve the
multiple ways by which CO modulates inflammatory
processes, such as the reduction of neutrophil adhe-
sion and extravasation,®® the reduction of histamine
release from mast cells and human basophils,** the
inhibition of the expression of proinflammatory
cytokines, such as TNF« and IL-18, and an increase of
anti-inflammatory cytokine IL-10.%

These studies confirmed the findings of Yigit et al.,**
who found no correlation between oxidative stress and
total bilirubin in preterm infants with non-hemolytic
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hyperbilirubinemia, and Gopinathan et al.,*® who
observed no correlation between plasma bilirubin
level and total plasma antioxidant capacity in preterm
infants. On the other hand, Belanger et al.*® found an
association between reduction of the antioxidant
capacity of plasma after exchange transfusion, and the
ensuing decrease of bilirubinemia. This result, how-
ever, as indicated by the authors, could be explained
by factors other than bilirubin decrease, such as oxida-
tive stress induced by a large amount of transfused
blood and the consequent overload of iron through
transfusion. Hammerman et al.*’” found a correlation
between total bilirubin serum level and plasmatic
antioxidant capacity, but the bilirubinemia of their
patients was lower than that reported in other studies.
To explain these conflicting results it may be consid-
ered that the correlation between plasma bilirubin
level and the antioxidant capacity of the plasma could
change at low and high values, and could be affected
by phototherapy through its lowering effect on biliru-
bin, which, moreover, could also explain the lack of
correlation between bilirubin and HO-activity.

Causes of neonatal jaundice

Physiological jaundice
The so-called physiological or developmental jaun-
dice (which could be especially harmful for the small
preterm infant) is due to an imbalance between
increased pigment load and reduced hepatic han-
dling. The latter seems mainly determined by the low
activity of bilirubin UDP glucuronosyltransferase, the
hepatic microsomal enzyme that conjugates bilirubin
with one or two sugar moieties. It is now accepted
that, even in the absence of impaired biliary secretion,
a fraction of the esterified bilirubins formed in the
liver normally refluxes from hepatocyte to the plasma.
Measuring the esterified bilirubins in the plasma of
newborn infants has made it possible to demonstrate
definitively that neonatal jaundice is mainly due to an
increased bilirubin production with subnormal conju-
gation.’® On the other hand, infants with the lowest
plasma concentration of total bilirubin exhibited the
highest fraction of conjugates. The percentage of dicon-
jugates relative to total conjugates is 15% on the first
day of life. This value tends to increase slightly with
age.”® In premature infants, serum monoconjugates
paralleled the course of total and unconjugated biliru-
bin, but the values were significantly lower than those
found in full-term infants.'”%®

From the practical point of view, we can rule out the
diagnosis of physiological jaundice if plasma or serum
bilirubin concentration exceeds at any time 12.9 mg/dl
(220 mmol/]) in full-term infants or 5—8 mg/dl (85—138
mmol/l) in preterm infants,* if jaundice becomes evi-
dent in the first 24 h of life, if bilirubin concentration
increases more than 5 mg/dl/day (85 mmol/ 1/day), and
if direct reacting plasma bilirubin exceeds 1.5—2 mg/dl

(25—35 mmol/l) (it is important to determine conjugated
bilirubin by a chromatographic method'”-*).

Jaundice in breast-fed neonates

An increased incidence of early-onset jaundice has
been reported in breast-fed infants, both full-term and
preterm.***! However, an increased bilirubin synthe-
sis, demonstrated by an increased CO production, pos-
sibly secondary to caloric deprivation, has not been
proven.** The process of bilirubin conjugation, inves-
tigated in breast-fed and formula-fed infants, by means
of the determination of serum concentrations of
unconjugated and esterified bilirubin, and the propor-
tion of diesterified (as a percentage of esterified biliru-
bin) pigment, appeared not to be different between the
two groups of infants, showing that bilirubin produc-
tion and conjugation were not different.** In addition,
a recent study comparing the incidence of neonatal
jaundice in 605 infants exclusively breast-fed on
demand, in 623 who received both breast- and formula
feeding, and in 226 exclusively formula-fed demon-
strates that the incidence of neonatal hyperbilirubine-
mia (>12.9mg/dl or 220mmol/]) in full-term infants
is both insignificant (< 5%) and not correlated with
demand breast-feeding.! These results were recently
confirmed in a population of 2174 infants with gesta-
tional age >37 weeks where hyperbilirubinemia was
not found to be correlated with breast-feeding, but
rather with an increased weight loss, dehydration, and
caloric deprivation, which could enhance the entero-
hepatic circulation of bilirubin.**

Hemolytic jaundice

Fetomaternal blood group incompatibility, particu-
larly ABO and rhesus hemolytic disease, are the most
common causes of severe jaundice. Nowadays, rhesus
hemolytic disease is infrequently due to maternal pro-
phylaxis with antirhesus immunoglobulins. However,
ABO hemolytic disease still remains an important
cause of indirect hyperbilirubinemia and anemia in
full-term as well as preterm infants. Suspicion of ABO
or thesus hemolytic disease must be confirmed by a
direct Coombs test carried out on the newborn blood.

Glucose-6-phosphate dehydrogenase

(G-6-PD) deficiency

G-6-PD deficiency is frequently associated with neona-
tal jaundice and sometimes kernicterus. The patho-
genesis of this jaundice remains in part unclear,
because increased erythrocyte breakdown is not always
the major factor in its development.* In some patients,
overt hemolysis, due to different substances, is detected,
and in others no signs of hemolysis are detectable
(normal level of carboxyhemoglobin). In this group of
patients it has been shown that a deficiency in bilirubin
conjugation does exist.** It is possible that G-6-PD is
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also involved in some steps (possibly UDP glucuronic
acid synthesis) of bilirubin conjugation.

Congenital non-obstructive, non-hemolytic jaundice

Crigler—Najjar disease is a rare disorder of bilirubin
metabolism caused by a deficiency of hepatic UDP-
glucuronyltransferase, and characterized by high
serum levels of unconjugated bilirubin that appear in
the first days after birth and continue through life.
Based on the responsiveness of the serum bilirubin
concentration to phenobarbital, this disease can be
distinguished as either type 1, which does not
respond to phenobarbital, or type 2, which responds
to barbiturates and other drugs that induce enzyme
synthesis. Type 2 is probably caused by a partial enzy-
matic deficiency. In type 1 and type 2 Crigler—Najjar
disease, it is possible to detect traces of monoconju-
gated but not diconjugated bilirubin both in serum
and in bile.*®

Bilirubin entry into the brain

Some clinical observations suggest that several mech-
anisms may be involved with the entry of bilirubin
pigment into the brain. In fact, bilirubin seems to
enter into the brain both as free bilirubin acid and as
bilirubin—albumin complex, by passage through a
disrupted blood-brain barrier that is often caused by
hyperosmolality and hypercarbia. It seems that even
during physiological jaundice, there is a steady pas-
sage of unbound bilirubin across this barrier. Further-
more, these low levels of bilirubin do not seem to be
harmful; in fact, it is also possible that cerebral stores
of bilirubin oxidase are able to metabolize bilirubin in
Ioco. Obviously, the entry of bilirubin into the brain
can be significantly increased in the presence of high
plasma bilirubin concentrations, particularly if the
albumin-binding capacity is exceeded.?” Ahlfors et al.
reported that in term newborns unbound bilirubin
levels between 0.9 and 2 pg/dl produce subtle and
reversible changes in auditory brainstem response
latency, and described the case of an infant who devel-
oped a kernicterus at a total bilirubin concentration of
31.7mg/dl and unbound bilirubin concentration of
7.7 ug/dl.*® However, in preterm infants bilirubin-
induced changes in auditory brainstem response can
begin at an unbound bilirubin level of 0.5 ug/dl and
kernicterus becomes likely at 1-1.5 ug/d1.**

Effects of bilirubin on neurologic functions

It is well known that bilirubin acts to uncouple oxida-
tive phosphorylation and, consequently, inhibits the
respiratory chain by causing certain toxic effects.
However, a number of studies carried out on experi-
mental animals show no difference either in bilirubin
binding between different brain regions or in the rate

of bilirubin disappearance from the cerebral tissues.”*
Moreover, it is still unclear as to why bilirubin has a
preferential localization at the level of the basal gan-
glia. One proposed explanation relies on the possibil-
ity that bilirubin may be metabolized locally at
different rates.”® In fact, the typical findings of ker-
nicterus are a yellow staining of the subthalamic,
dentate, and inferior olivary nuclei and the globus
pallidus. Cell culture models suggest that bilirubin
initially interacts with cellular membranes, affects ion
channels and neurotransmitters, and ultimately leads
to deranged metabolism and cell death.?” The clinical
picture of kernicterus is also fairly uniform in these
children, with convulsions and opisthotonus followed
by hypotonia, high-pitched crying, and fever. The
sequelae in the survivors consist of neurogenic hearing
disorders, choreoathetosis with asymmetrical spastic-
ity and paralysis of upward gaze, together with other
neurologic manifestations. Ambulation, despite severe
athetosis, is generally reached by the age of 5 years.>®

Brain stem auditory-evoked potentials are altered
by bilirubin in various ways.’**® In some studies, it
has been observed to change the conduction latencies;
in others, it lowered the conduction wave amplitude,
both of which fit in with the follow-up observation of
deafness in kernicteric babies. Some studies note
reversibility of these altered potentials through lower-
ing of high bilirubin levels.*°%%7

Bilirubin-induced membrane potential lowering
may impair nerve conduction along the auditory path-
way, which may be reversible if each cell endures
only temporary malfunction or if a sufficient number
of neurons in the nerve survive the toxicity to main-
tain function.

It is commonly accepted that (1) bilirubin may be
toxic for cells, (2) kernicterus can occur when uncon-
jugated bilirubin levels are high, and (3) the mecha-
nism of bilirubin toxicity is mostly unknown.

Measurement of bilirubinemia

The majority of the published studies on bilirubin in
infants were made measuring its level on capillary
blood with spectrophotometric methods. Some stud-
ies compared capillary and venous measurement of
bilirubinemia, but their results were conflicting.’®*?
Therefore, to confirm a high plasma bilirubin level in
a venous sample is not recommended. Recently, new
devices have permitted an easier and more reliable
transcutaneous measurement of bilirubin. The
Chromatics Colormate III™ (Chromatics Color
Science International Inc., New York, NY, USA) is still
based on the color of the skin, estimating serum
bilirubin from skin reflectance (skin color), whereas
the BiliCheck™ (Respironics, Murrysville, PA, USA)
measures transcutaneous bilirubin by utilizing the
entire spectrum of visible light (380-760 nm) reflected
by the skin. Data obtained using BiliCheck™ suggest
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that this device provides measurements within
2—-3mg/dl (34-51 umol/l) of the serum bilirubin con-
centration.®® These devices could be used as screening
tools but, in some circumstances, also as substitutes
for serum bilirubin measurements, in particular,
when its value is lower than 15 mg/dl (257 pumol/1).

Treatment of neonatal
hyperbilirubinemia

Bilirubin is bound to albumin in the blood, and when
its concentration exceeds the binding capacity of the
carrier, unbound or free bilirubin concentration
increases and results in its redistribution between the
tissues (brain) and the vascular space (free bilirubin
theory). Thus, not only is the serum bilirubin concen-
tration important in judging whether an infant is at
risk of bilirubin toxicity, but the albumin concentra-
tion and the bilirubin/albumin ratio are also of critical
importance. In fact, Ahlfors suggests that when the
bilirubin/albumin ratio is < 8 mg/g (136 mmol/g) and
the neonate appears well, exchange transfusion is
probably not necessary.®!

Exchange transfusion, first performed in 1925 by
Alfred Purvis Hart and then implemented by L. K.
Diamond in 1947 using the umbilical vein to with-
draw and to perfuse blood, was the only treatment
available until 1958, when Cremer and colleagues®
showed that both sunlight and blue light were able to
reduce jaundice in newborns. In fact, phototherapy is
now the most widely used method worldwide for the
treatment of jaundiced babies.

The mechanisms by which light renders the insol-
uble bilirubin molecule (bilirubin IX-alpha Z,7), at
physiologic pH, soluble and rapidly excretable in the
biliary tract are the transformation of the Z,Z configu-
ration at the C4-C5 and C15—C16 double bonds to the
E configuration in one or both double bonds, thus
forming the configurational isomers E,Z or Z,E or
E,E.%*7% Of these isomers, the predominant one is the
Z,E form. However, the Z,E change is reversible, and
after phototherapy it reconverts in the bile or in the
intestines to the Z,Z isomer. In addition, intramolecu-
lar cyclization of bilirubin can occur as a result of
phototherapy, to form a structural isomer called
lumirubin, which cannot be reconverted to native
bilirubin. Moreover, lumirubin, which is formed at a
lower rate in comparison to the configurational iso-
mers, seems to be excreted more rapidly in the bile
than the other isomers.

There is a striking regional selectivity that causes
isomerization to take place at the double bond of the
CH-bridges. Because of the specific preference evi-
denced by one-half of the bilirubin molecule in bind-
ing to human albumin, the E configuration in position
15 is the main isomer formed. This selectivity is lack-
ing to a large extent in a number of the animals used

in experimental studies. Finally, the available data
suggest that bilirubin is bound to albumin at the site
of the light effect, namely in the skin.

The extent to which isomerization, cyclization, or
oxidation exerts the therapeutic effect of light is deter-
mined mainly by the quantum yield of the photo-
chemical reactions and the speed of the transport
processes up to the excretory phase.

The quantum yield of configurational isomeriza-
tion is probably very high; isomers are formed very
quickly, and they can be detected within a few min-
utes after light treatment. On the other hand, photo-
cyclization proceeds more slowly, and depends on the
wavelength employed. Moreover, the quantum yield
of bilirubin oxidation is very low, and it is most prob-
able that the excretion of catabolites formed in the
process takes place rapidly. Since the excretion rate of
lumirubin is very high, it is conceivable that, in photo-
therapy for neonatal jaundice, bilirubin photocycliza-
tion is the most effective mechanism of bilirubin
photometabolism, followed by configurational isomer-
ization, and, finally, photo-oxidation.

The bronze baby syndrome (BBS)

The BBS is a rare pathological condition that appears
during phototherapy. The typical characteristic is a
grayish-brown discoloration of the skin, serum, and
urine. This condition was first described by Kopelman
et al.,® who observed the typical discoloration in the
skin of a newborn following phototherapy. They found
that the onset of the syndrome was linked to an
increase in conjugated bilirubin, implying a cholestatic
disorder; moreover, they also related it to hemolytic
anemia. Since then, various authors have attempted
to explain the biochemical mechanism responsible
for the onset of this syndrome.®””%® In this connection,
Kopelman et al. noted a reduced bilirubin-binding
capacity in newborns suffering from BBS. They sus-
pected that bilirubin photoproducts might be respon-
sible both for the bronze discoloration and for the
change in binding capacity ascertained by the salicylate
method. Autopsy evidence later showed that this pecu-
liar discoloration was also present in the kidneys, liver,
and peritoneum. Clark et al.*” and Rubaltelli et al.,°® in
particular, found anatomical signs of kernicterus in two
newborns who died with this syndrome. They consid-
ered this observation to be the confirmation that the
pigments responsible for BBS increase the risk of
bilirubin neurotoxicity, as suggested by the reported
decline in the albumin-binding capacity.®®%°

In 1982, a notably higher concentration of por-
phyrins was found in the serum of patients with BBS.”°
Two cases of this syndrome, with very high serum por-
phyrins, probably due to some degree of cholestasis,
were described.”*”* The porphyrins were identified
as Cu**-uro-, Cu**-copro-, and Cu?**-protoporphyrin. In
fact, the absorption spectrum of serum specimens



24 Neonatal jaundice

from infants with BBS showed spectral features typical
of bilirubin (peak absorption around 460 nm), as well
as an intense band with a peak at about 400nm and
broad absorbance in the near-UV and the 600—-700-nm
region. The latter two features were not confirmed by
the absorption spectra of control sera. The sera of
bronze babies also exhibited a wide range of fluores-
cence emission spectra with peaks at 585, 619, and
670 nm. This finding indicates that absorption in the
400-nm band does not reflect the presence of residual
hemoglobin in the serum because hemoproteins are
known to be devoid of any appreciable fluorescence in
the red region. Instead, the emission spectra observed
are characteristic of porphyrin compounds.

Chromatographic separation led to the conclusion
that the main component is Cu®*-protoporphyrin IX,
although small amounts of Cu®*-coproporphyrin II
and Cu®*-uroporphyrin III are also present. These por-
phyrins do not seem to have an appreciable photo-
sensitizing effect. Furthermore, there was no evidence
of significant alterations in the UV spectrum of irradi-
ated serum from infants with BBS or in cord blood
serum with added synthetic Cu®*-porphyrins. This is
due to the well-known shortening of the half-life of
excited porphyrin as a consequence of the binding of
the Cu®" ion on the tetrapyrrolic ring.”®

These investigations show that the grayish-brown
skin color is a result of the photolability of the Cu**-
porphyrins. Indeed, Cu®*-porphyrins in the serum of
infants with BBS or in aqueous solutions are con-
verted under irradiation with visible light into brown
photoproducts with a higher absorption in near-UV
and red spectral regions. Moreover, the presence of
bilirubin increases the photodegradation rate of Cu®*-
porphyrins, suggesting that bilirubin acts as a photo-
sensitizer in this process.

Guidelines for the treatment of
unconjugated hyperbilirubinemia

Full-term newborn infants

Neonatal jaundice (total serum bilirubin concentration
> 12.9mg/dl (220 mmol/l) occurs in around 5% of nor-
mal neonates.! In the majority of cases it is a physiologic
or developmental jaundice,"”* which does not need any
treatment. However, it is important to exclude the pres-
ence of a rhesus or ABO hemolytic disease, and the pos-
sibility that the jaundice could be an early sign of an
inborn error of metabolism, or sepsis, etc.

It is suggested that a direct Coombs test plus blood
group and rhesus determination should be carried out
on the cord blood of every neonate, and when jaun-
dice is present, the neonatologist should evaluate the
appropriateness of a serum bilirubin determination
in relation to the day of appearance and intensity of
the jaundice, etc. A serum bilirubin level of 20 mg/dl
(340 mmol/l) in a normal full-term newborn infant is

no longer considered an indication for exchange
transfusion.” In the absence of a hemolytic disorder,
and with a bilirubin level in the range 20-25mg/dl
(340—425 mmol/l), exchange transfusion might be
considered, but this decision must be based on a care-
ful evaluation of the risk/benefit ratio.

Following Wennberg’s suggestions,*” one should
take into consideration not only the serum bilirubin
level but also the albumin serum concentration: that
is, by multiplying the albumin value in grams by 7, a
value is obtained which corresponds to the level
when an exchange transfusion is indicated.

It is recommended that phototherapy be started
during the first 24 h of life if the serum bilirubin level
exceeds 4-7mg/dl (70-120mmol/l), or during the
second 24h of life if it exceeds 11-15mg/dl
190-260mmol/l), and in all cases whenever it
exceeds 15 mg/dl (260 mmol/l). Phototherapy should
be carried out for at least 24 h, and should be inter-
rupted when serum bilirubin concentration is
decreased by >2mg/dl (>35 mmol/l).

However, the American Academy of Pediatrics has
recently published guidelines for the management of
hyperbilirubinemia in the newborn infant of 35 or
more weeks’ gestation, which report in depth on cur-
rent recommendations for prevention, diagnosis, and
treatment of neonatal jaundice.”” The approach to
jaundice in preterm infants appears more difficult
because there are no specific evidence-based guide-
lines for the use of phototherapy and exchange trans-
fusion in these infants. Different authors have reported
a range of plasma bilirubin levels for intervention in
various circumstances, but none of these indications
has greater validity than another.** However, consider-
ing that in preterm infants kernicterus has almost dis-
appeared probably because of aggressive phototherapy,
it is probable that the current management of jaundice
in these infants is correct.

Other possible therapeutic interventions are
immunoglobulin therapy in immune hemolytic jaun-
dice and administration of the heme oxygenase
inhibitor Sn-mesoporphyrin. Alcock et al., in a meta-
analytical study on term and preterm infants with
rhesus and ABO incompatibility, found that the rate
of exchange transfusion decreased significantly in the
immunoglobulin-treated group.”® As for Sn-mesopor-
phyrin, its use is very promising both for the preven-
tion and for the treatment of neonatal jaundice.
However, this drug is as yet under research and is not
commercially available (see Kappas”’).

Premature newborn infants

In the past few years, a number of studies have shown
that currently neither kernicterus nor clinical signs of
bilirubin encephalopathy are found in premature
babies (see the important review of Conolly and
Volpe”). These findings were reported despite the
fact that higher serum bilirubin concentrations were
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allowed compared with the studies reported in the
1960s and 1970s, when kernicterus was not a rare
occurrence.””®® It is possible that the improved qual-
ity of health care has reduced the appearance of
preterm kernicterus, the pathogenesis of which is still
not completely understood.?*%

The definition of prematurity (<37 weeks of gesta-
tional age) includes neonates of very different gesta-
tional ages. Moreover, a generous use of phototherapy
has allowed a reduction of high serum bilirubin
concentrations, and as a result exchange transfusion is
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no longer used very often. However, it seems rational to
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must be considered when bilirubin reaches the level of
18 mg/dl (305 mmol/l). Furthermore, for the premature
newborn one can use Wennberg’s formula*’ to identify
infants needing exchange transfusion: multiplying by
six the value of serum albumin concentration (in g) one
obtains the threshold value for exchange transfusion.
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Management of hypotension
in the neonatal period

S. J. English

Introduction

Hypotension is a commonly encountered problem on
the neonatal intensive care unit. It occurs in up to
40% of very low-birth-weight (< 1500 g) infants, and
is almost universally seen in the extreme preterm
baby, most commonly in the first 48 h after birth. Its
importance lies in its possible causal link with brain
injury in these infants.'™

There are numerous controversies surrounding the
management of hypotension in the preterm infant. As
more extremely preterm babies are surviving, our
accepted definitions of hypotension are being chal-
lenged. The level of blood pressure required to main-
tain tissue perfusion in these babies is unknown, and
the effects of standard therapy are relatively under-
researched. As a result, the level of hypotension at
which treatment is instigated, and the treatment
chosen, largely remain subject to personal preference.

Definition

Normal blood pressure has proven difficult to define
in preterm babies, partly because it varies with gesta-
tional and postnatal age,>® but also because the range
of blood pressure, which will ensure adequate organ
perfusion, is not known. There have been a number of
studies attempting to define the normal range of blood
pressure in the neonate. These have resulted in two
widely accepted definitions of hypotension:

(1) Mean arterial blood pressure less than the 10th cen-
tile for gestation/birth weight and postnatal age.!

(2) Mean arterial blood pressure less than gesta-
tional age in weeks. This is derived from the first
definition, following the observation that the
10th centile for mean blood pressure is roughly
equal to the gestational age.® It is worth remem-
bering, however, that this is only valid in the first
48 h of life, and that blood pressure rises steeply
over the first five postnatal days.

Most neonatal units use the gestational age as a guide
when instituting treatment for hypotension. It is
important, however, to assess other markers of tissue
perfusion, such as capillary refill time, the presence
of metabolic acidosis, and urine output when deciding
whether to treat.

Pathogenesis

Hypovolemia

Hypovolemia causes hypotension by decreasing the
preload, leading to reduced cardiac output. In neonates,
hypovolemia may result from acute hemorrhage
(antenatal or postnatal), or from fluid loss due to cap-
illary leak, as seen in septicemia or acute abdominal
pathology. It is generally accepted that hypovolemia
is an uncommon primary cause of hypotension in the
sick preterm infant.” It may, however, be implicated
in a small number of babies, and should always be
considered.

Myocardial dysfunction

There is good evidence that myocardial dysfunction
plays an important role in the development of hypoten-
sion in preterm infants in the first few hours of life.?
There are several factors that contribute to myocardial
dysfunction, the foremost of which is immaturity of the
myocardium. Hypoxic damage to the heart muscle, aci-
dosis, sepsis, and the presence of a ductal shunt will all
adversely affect myocardial function, leading to
decreased cardiac output and hypotension. Congenital
structural heart defects may also present with hypoten-
sion secondary to reduced cardiac output.

Downregulation of adrenergic receptors

There is growing evidence that a proportion of sick
preterm infants have relative adrenal insufficiency,
demonstrating a low cortisol response to human
corticotrophin releasing hormone.*** Because gluco-
corticoids have a role in regulating the expression of
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cardiovascular adrenergic receptors, these infants
may be incapable of responding to endogenous or
exogenous sympathomimetic agents.™

Measurement

Intra-arterial blood pressure monitoring through an
umbilical or peripheral arterial catheter is widely
accepted as the gold standard. Studies comparing
oscillometric with invasive measurement demonstrate
that, providing cuff size is standardized, oscillometric
measurement seems to be accurate within the normal
range.'*"® However, concern has been expressed that at
the lower levels it consistently overestimates the blood
pressure, providing false reassurance to the clinician."®
In situations where intra-arterial monitoring is not
possible, it is important to also assess other markers of
tissue perfusion.

Clinical relevance

Tissue perfusion

In neonatology, blood pressure is regularly used as a
marker of systemic organ perfusion, and our efforts to
maintain normal blood pressure are based on the belief
that we are preserving tissue perfusion. Unfortunately,
there are few data to support this. In preterm infants
there is only a weak correlation between blood pres-
sure and cardiac output.”” Furthermore, since blood
pressure is the function of blood flow and systemic
vascular resistance, blood pressure may not reflect the
blood flow in end organs, as the vascular resistance
will vary. Several methods that may be useful for
assessing systemic blood flow and tissue perfusion in
neonates are being evaluated.

Left ventricular output is often used in adults to
assess systemic blood flow. Measurements of ventri-
cular outputs in neonates may be confounded by shunts
through a patent ductus or foramen ovale. Systemic
blood flow in the superior vena cava of newborn
infants has been successfully measured, using Doppler
echocardiography. Flow in the superior vena cava is
thought to reflect blood flow in the upper body, partic-
ularly the brain, and appears to correlate well with left
ventricular output in babies with a closed duct."®

Near-infrared spectroscopy (NIRS) has been used to
measure hemoglobin flow and venous saturation in
the forearm of hypotensive preterm babies." Using
this technique, it has been demonstrated that periph-
eral oxygen delivery and consumption are lower in
hypotensive babies, but that oxygen extraction is sim-
ilar to normotensive controls, with no rise in lactate
concentration. This suggests that in hypotensive
babies, peripheral oxygen delivery is still adequate
for tissue demands, challenging the need to routinely
correct hypotension. NIRS has also been used to

monitor cerebral circulation in sick premature infants.
Unfortunately, it has not been clearly demonstrated
whether there is a direct relationship between mean
arterial blood pressure and cerebral intravascular
oxygenation.?%%!

As NIRS and cardiac output measurements are not
continuous, their role in the decision to treat a blood
pressure level remains unclear. They do, however,
question our present practice of using a single value
below which treatment should be started. Further
research in this area is obviously needed before tech-
niques such as this have direct relevance to the man-
agement of hypotension.

Cerebral injury

Sick VLBW infants have reduced cerebral vascular
autoregulation compared with term infants with the
postulated effect that significant hypotension may
lead to cerebral hypoperfusion.?*** Episodes of
systemic hypotension have been linked to cerebral
hemorrhage, ischemia, and an increased risk of
long-term neurological sequelae."** Hypotension is
thought to lead to intraventricular hemorrhage by
causing ischemic damage to the germinal matrix,
which bleeds on reperfusion. It is unlikely that over-
enthusiastic correction of hypotension is involved,
as episodes of hypertension are not associated with
the occurrence of intraventricular hemorrhage. There
is no clear evidence that systemic hypotension, in
itself, leads to periventricular leukomalacia,® although
it may be a factor in babies who are also septic.
Interestingly, there is little evidence to support the
view that treating hypotension prevents any of these
sequelae.

Management

The aim of treating hypotension is to preserve ade-
quate organ perfusion and thus to prevent complica-
tions, such as cerebral injury. However, a cause for
hypotension should always be sought before treat-
ment is instituted. Important conditions to exclude
include:

Blood loss

Pneumothorax

Sepsis

Patent ductus arteriosus

High positive intrathoracic pressure (secondary to
mechanical ventilation)

e Heart failure

e o o o o

If one of the above causes is identified, the primary
treatment of the hypotension is to institute the spe-
cific treatment for the underlying condition. In most
instances, a cause for hypotension in the neonatal
period will not be determined, although myocardial
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dysfunction has been identified as a common factor,
and treatment will be initiated on the basis of unit
protocols. These normally follow a stepwise approach,
beginning with volume support followed by inotropes
and in some the use of steroids.

Volume support

As previously discussed, hypovolemia is an infre-
quent cause of hypotension in the sick preterm infant.”
It is also difficult to diagnose in the immediate post-
natal period, as indicators, such as urine output and
capillary refill time, are unreliable. However, because
it does occasionally occur, and it is relatively easy to
treat, most units adopt a policy of moderate volume
replacement prior to the institution of inotropes.

Fluids available for volume replacement may be
either crystalloid or colloid. The main difference
between the two is the oncotic pressure effect, accord-
ing to Starling’s law, and the theoretical difference in
the length of time they remain in the intravascular
space. However, the volume administered appears to
be more important than the protein content in pro-
ducing a sustained increase in blood pressure in
preterm infants,?* and isotonic saline has been shown
to be as effective as 5% albumin for treating hypoten-
sion in this population.®® Crystalloids are also signifi-
cantly cheaper than colloids, and do not carry the
same infection risk.

As colloid and crystalloid are equally effective in
treating hypotension in the neonatal period, and con-
sidering the other advantages of using isotonic saline,
it would seem that the safest approach to volume
replacement would be to use 10-20 ml/kg 0.9% saline
given over 30min in the first instance. For babies
who are likely to be hypovolemic secondary to protein
losing conditions, such as babies who have undergone
gastrointestinal surgery, 4.5% albumin should be
reserved.

Dopamine and dobutamine

Since myocardial dysfunction plays an important role
in the development of hypotension in preterm infants
in the first few hours of life,? it is clear that inotropic
agents should be of some benefit in the management
of hypotension in these babies. The use of inotropes
is, however, historically based rather than evidence
based, and there are few data relating to associated
mortality and morbidity.

Unsurprisingly, dopamine is more effective than
volume expansion in restoring normal blood pressure
in preterm infants.”® Dopamine is an exogenous sym-
pathomimetic amine that exerts its cardiovascular
effects by the dose-dependent stimulation of dopamin-
ergic and «- and B-adrenergic receptors. In the preterm
population dopamine causes a dose-dependent
increase in mean arterial blood pressure in doses of
5—20 pg/kg/min.?729

The main hemodynamic effects of dopamine are
to increase myocardial contractility and peripheral
vascular tone. The increase in myocardial contractil-
ity is caused both by a direct stimulation of «- and
B-adrenoceptors and indirectly through its action on
B,-adrenoceptors, stimulating the release of endogenous
noradrenaline.’® In adults, the vasotonic effects of
dopamine are dose dependent. At doses < 5 ug/kg/min
dopamine stimulates peripheral dopaminergic recep-
tors, resulting in the selective dilatation of renal,
mesenteric, and coronary arteries. At higher doses
>10 pg/kg/min it causes vasoconstriction by stimula-
tion of a-adrenergic receptors. The dose-dependent
effects of dopamine on vascular tone in the preterm
neonate are less clear,?*° although there are emerging
concerns that it may have a potent vasoconstrictive
effect on the pulmonary vasculature.*

Studies in adults suggest that, in sick hypotensive
patients, there is a downregulation of adrenergic
receptors, requiring much higher doses of dopamine
to maintain blood pressure.”® However, there have
been no such studies in neonates. The fact that some
preterm infants may also have relative adrenal insuf-
ficiency® may explain the occurrence of pressor resist-
ance. Further research is clearly required in order to
define a maximum dose for dopamine, as the use of
high doses (> 25 ug/kg/min) has not been studied.

Dobutamine is a relatively cardioselective sympa-
thomimetic amine, which exerts its positive inotro-
pic action by direct stimulation of cardiac «- and
B-adrenoceptors. It has several theoretical advantages
over dopamine: (1) it has limited chronotropic effect,
(2) its use is not associated with an increase in sys-
temic vascular resistance,?” and (3) it does not rely on
release of endogenous catecholamines for any part of
its action.

There is relatively little research into the use of dobu-
tamine in preterm neonates, and it is generally used as
a second-line drug in patients unresponsive to
dopamine. It is infused at rates of 5-20 ug/kg/min,?”**-3°
and has been shown to increase left ventricular per-
formance in these doses.*® The use of high doses
(> 25 ug/kg/min) has not been studied. Dobutamine can
cause hypercontractile heart failure in the presence of
left ventricular hypertrophy, resulting in paradoxical
hypotension.®” It should therefore be used with caution
in babies with existing cardiac disease.

In the preterm infant, dopamine is significantly
more effective than dobutamine in the treatment of
systemic hypotension, with no differences in short-
term complications, such as intraventricular hemor-
rhage and necrotizing enterocolitis.®® No data are
available on long-term outcome for either drug.

Other agents

Most neonatal units advocate the use of adrenaline or
noradrenaline in cases where dopamine and dobuta-
mine have failed to maintain ‘normal’ blood pressure.
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Volume expansion 10-20m|/kg_0.9°/o saline

A
Dopamine 5-20pg/kg/min

1st line inotrope

\Y%
Dobutamine 5-20pug/kg/min

2nd line inotrope Life-threatening

hypotension
Noradrenaline 0.2-1ng/kg/min

\Y%
Rescue therapy Dexamethasone 250ug/kg single dose

Flow chart for management of hypotension in
[*9 with permission.

Figure 3.1
neonates. From Dasgupta and Gil

However, very few studies have looked at the use
of these agents in preterm infants, most of the data
originating from animal studies. Both adrenaline and
noradrenaline, when used in addition to dopamine,
do restore normal blood pressure in sick, hypotensive
neonates without causing significant cerebral, myocar-
dial, or renal vasoconstriction.?®*® The use of these
agents is, however, associated with a high mortality
rate of over 50%.

Dopexamine, a relatively new synthetic cate-
cholamine, with predominant pB,-adrenergic and
dopaminergic activity, has been shown to be effective
in raising blood pressure, and improving arterial pH
and urine output.*! In neonates who are hypotensive
secondary to septic shock, methylene blue, an inhibitor
of soluble guanylate cyclase, has been shown to be
effective in increasing blood pressure.**

Further research is clearly needed in this area
before the routine use of any of these agents can be
recommended.

Steroids

Antenatal steroids are now commonly given to mothers
in preterm labor. They have been shown to have
an independent effect (from the effect on respiratory
distress syndrome) on reducing the incidence of
hypotension in the preterm infant.**

In neonates with hypotension, who are unrespon-
sive to volume or pressor administration, there is
growing evidence that steroids may be of some value.
The theory is that infants with refractory hypotension
may have relative adrenal insufficiency.”"* The
resulting low levels of circulating cortisol in these
babies may be insufficient to counteract any down-
regulation of cardiovascular adrenergic receptors,

which occurs in critical illness,’® rendering them
resistant to treatment with sympathomimetic agents.

In infants with severe hypotension refractory to
both volume expansion and inotropes, treatment with
either single-dose dexamethasone or a 5-day course of
hydrocortisone has been shown to be successful with
discontinuation of inotropes within 54 h. This effect
is sustained for many days following the administra-
tion of steroids.'>**% Although the effect may not be
evident for up to 6h, in my experience it is usually
seen within 2 h of treatment.

There are some groups who have advocated the use
of hydrocortisone in smaller doses as prophylaxis
against hypotension in at-risk VLBW infants.*” Side
effects from postnatal steroids, including the long-term
risk of adverse neurological outcome, are well docu-
mented and probably prohibit prophylactic use.*®

Based on the available evidence, the use of steroids
in the treatment of severe, intractable hypotension,
resistant to inotropes, is probably justified. This may be
in the form of a single dose of 250 ug/kg dexamethasone
or a 5-day tapering course of hydrocortisone starting at
2.5mg/kg qds. Obviously, there is a balance of risks
against benefits, but the short-term benefit of preventing
death must outweigh the long-term risks, which are
anyway unproven. Further research is obviously
needed to determine the optimum dose and course.

Conclusion

The management of hypotension in preterm infants
remains a controversial area in current neonatal prac-
tice. Research in this area is relatively limited, which
in part is probably due to the difficulty in obtaining
continuous measures of tissue perfusion. There is no
consensus on either the definition of hypotension or
the level at which treatment should be initiated. The
effects of aggressive correction are relatively under-
researched, and there are few data on morbidity and
mortality in relation to the use of volume support and
inotropes. The aim of management must be to attain
adequate tissue perfusion and oxygenation, but there
may be little or no relation between blood pressure
and organ perfusion. Further research is required in
methods of assessing tissue perfusion, which can be
used alongside monitoring of blood pressure to guide
the neonatologist in deciding when to intervene.

Continuous invasive arterial blood monitoring
remains the preferred method of recording blood pres-
sure. Decisions to treat hypotension should be based
on the general condition of the infant, not on the
mean arterial blood pressure alone. On the basis of the
available evidence Figure 3.1 outlines a suggested
guideline for the management of hypotension in the
neonatal period.
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Fetal and neonatal inflammatory
responses

L. Cornette and H. Logghe

This review is designed to guide the reader through the
framework given in Figure 4.1, summarizing the con-
cept of perinatal inflammation/infection and current
factors that may influence the overall outcome under
study. Several diseases in the newborn, such as sepsis,
chronic lung disease and broncho-pulmonary dysplasia
(CLD/BPD) and necrotizing enterocolitis (NEC) are
characterized by the presence of inflammation. Given
the mounting evidence suggesting a continuum between
ante- and postnatal inflammation, and adverse neonatal
outcome,"* we will first study the fetal inflammatory
response, prior to expanding on inflammatory responses
emerging in the neonatal period.

By definition, an inflammatory response is a protec-
tive response to an infection or an injury, mediated
by proinflammatory cytokines, i.e. low molecular
weight glycoproteins, predominantly produced by the
monocyte—macrophage cell line at the inflammatory
site. Proinflammatory cytokines (e.g. IL-1p, IL-18, IFN-y,

TNF-«) are primarily responsible for initiating an effective
defense (i.e. acute phase response) against exogenous
pathogens, whereas anti-inflammatory cytokines (e.g.
IL-4, IL-10) are involved in the downregulation of exac-
erbated inflammatory processes and the maintenance
of homeostasis for proper functioning of the vital
organs.’

Fetal inflammatory response syndrome

The majority of women delivering before 28 weeks,
with or without preterm premature rupture of mem-
branes (PrePROM), show evidence of intrauterine infec-
tion. A mechanism postulated is microbial invasion of
the uterine cavity resulting in a fetal systemic cytokine
or inflammatory response through aspiration, otitis,
conjunctivitis or omphalitis.* However, only a small
proportion of these women will have a positive amni-
otic fluid culture.” Intra-amniotic inflammation would
therefore appear to be a better predictor for imminent
preterm delivery rather than intra-amniotic infection.®
Such active participation of the fetus in a systemic
antenatal inflammatory response is therefore commonly
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studied using cordocentesis techniques. Indeed, the
fetal inflammatory response syndrome (FIRS) was
originally defined by relating increased fetal cord
plasma IL-6 to the onset of spontaneous preterm labor
(through increased fetal adrenal cortisol production
and subsequent prostaglandine release).” More recent
studies have revealed that the FIRS involves the syn-
ergistic action of different cytokines and several com-
plex host defense mechanisms.? In addition, through
the study of differential placental vs. fetal immune
cytokine responses within animal models, we now
know that an FIRS, rather than the maternal infection,
causes fetal multiorgan injury.’

Fetal brain/fetal neurotoxicity

The fetal brain has been extensively studied within the
context of intrauterine inflammation.'®'! Funisitis, i.e.
infection of the umbilical cord, and chronic chorio-
amnionitis have been associated with an increased risk
of intraventricular hemorrhage.'®"® Fetal vasculitis has
been linked with an 11-fold increased risk of develop-
ment of periventricular echolucencies.' Histopatholo-
gical examination of infant brain specimens shows
overexpression of TNF-¢ in the microglia cells of
periventricular leukomalacia (PVL) lesions, with
cytokine production being highest in infected infants."

However, a clear link between intrauterine infection/
inflammation and neurological outcome in preterm
babies is not confirmed in all studies, as much of the
confusion arises from different timings of blood
sampling across different studies. Cytokine levels in
neonatal blood (day 2 or 3) are likely to be influenced
by respiratory or infectious complications, as well as
different levels of intensive care, and thus may be
different from umbilical cord blood levels.’ In order
to establish a causal link between antenatal infection
and neonatal brain disease in individual cases, one
needs to provide evidence of placental infection, ele-
vated inflammatory mediators in both umbilical cord
and postnatal infant blood, presence of moderate to
severe encephalopathy and/or neuroradiological con-
firmation of brain injury.

Proposed mechanisms for neurotoxicity associated
with proinflammatory cytokines comprise (1) a direct
cytolytic effect on neurones and oligodendrocyte pre-
cursors (either through in situ cytokine production or
through systemic cytokines crossing the blood—brain
barrier), (2) induction of excitatory amino acid release,
(3) increased caspase activity resulting in amplified
apoptosis, (4) abnormalities in the coagulation cascade
or (5) fetal hypotension.'”'*'>'” Further clarification of
these and other mechanisms will increase the like-
lihood of successful therapeutic interventions.

Many studies focus on the interaction between
cytokine and excitatory amino acid release (e.g. gluta-
mate). It is now recognized that an antenatal inflam-
mation-related insult to the central nervous system
comprises both infection (proinflammatory cytokine
release) and hypoxia-ischemia (excessive excitatory

neurotransmitter release). The interaction between
both entities is, however, complex. First, injury to the
brain during antenatal infection may be secondary
either to cytokinemia, i.e. cytokines crossing the
blood-brain barrier, or to the interruption of placental
blood flow resulting in asphyxia.'” Second, animal
work indicates that administration of a low dose of
bacterial endotoxin (LPS) dramatically sensitizes the
immature brain to injury and induces cerebral infarc-
tion in response to short episodes of hypoxia-
ischemia that by themselves cause little or no injury.'®
Third, increased levels of IL-1 and TNF-« and neu-
trophil invasion into infarcted areas have been
reported following hypoxia-ischemia in the absence
of infection.’®* Fourth, complex interaction effects
between both inflammation and excitotoxicity exist,
as, for example, IL-18 perpetuates excitotoxic brain
damage in vivo, whereas it ameliorates neuronal death
in vitro.”® Others have reported similar dual neuro-
trophic and detrimental effects exerted by cytokines
following ischemia.*" Finally, a complex interaction
between hypoxia-ischemia and inflammation is also
reflected in the neuropathology of white matter (WM)
abnormalities observed in infants born to mothers
with chorio-amnionitis.?* Careful review of animal
work suggests that cytokines can be neurotoxic
through a process of ‘sensitizing’ the immature brain,
i.e. lowering the threshold at which a hypoxic-
ischemic insult triggers apoptosis.?® Further clinical
studies investigating the relationship between fetal
infection/inflammation, feto-placental thrombosis
and subsequent adverse neurological outcome will
therefore be challenging.?*

Other fetal morbidity
Fetal exposure to infection/inflammation, similar
to antenatal administration of glucocorticoids can, on
the one hand, result in maturation of the IJungs.
However, antenatal chorio-amnionitis can also prime
the fetal lung to respond differently to postnatal
events, increasing the risk of CLD/BPD (see below).?

Histological chorio-amnionitis has been associated
with a noticeable reduction of volume and corti-
comedullary differentiation of the thymus, a reduced
number of thymocytes and infiltration of macrophages
into the parenchyma.*®

Finally, a FIRS can result in preterm delivery (and,
hence, possible neonatal morbidity), as increased fetal
and not maternal serum IL-6 is one of several
cytokines that precedes imminent preterm delivery.?

Neonatal inflammatory responses

Sepsis

The progression to septic shock in infants born to
mothers with acute chorio-amnionitis is rarely seen in
the immediate neonatal period. However, a significant
association between funisitis and congenital sepsis
has been described.?
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Neonatal sepsis in the absence of chorio-amnionitis
is predominantly mediated by IL-1, IL-6 and TNF-w.
Sepsis-related mortality is well correlated with
multiple-organ failure (MOF), caused by uncontrolled
inflammation, immunodeficiency (prolonged neutrope-
nia, lymphopenia, hypogammaglobulinemia) and
endothelial injury with thrombotic microangiopathy.
Septic newborns have low von Willebrand factor (vWF)
cleaving metalloprotease activity (ADAMTS13), result-
ing in high amounts of circulating ultralarge vWF
multimers that lead to microvascular platelet thrombo-
sis and MOF.*

Little is known about the profile of pro- and anti-
inflammatory cytokines in septic preterm infants, in
whom the immune system may be considered as
immature. An exaggerated proinflammatory response
together with an inadequate anti-inflammatory com-
pensation may result in an adverse clinical outcome,
as a persistent high IL-6/IL-10 ratio implies a poor
prognosis in very low-birth-weight patients." Alter-
natively, a persistently high IL-10 concentration can
be an early indicator of a poor prognosis in preterm
neonates with sepsis.?®

Necrotizing enterocolitis

NEC is a devastating intestinal disease that primarily
occurs in low-birth-weight premature infants. Its etiol-
ogy is not well known, and may consist of intestinal
immaturity, intestinal ischemia, changes in microbio-
logical environment related to enteral feeding prac-
tices, with an increased inflammatory response as
the final common pathway. The evidence suggesting
a causal association between chorio-amnionitis and
subsequent NEC is very sparse, although some retro-
spective case—control studies suggest a significantly
higher frequency of PrePROM and chorio-amnionitis
in infants with NEC.*

Inflammatory mediators involved in NEC are tissue
and circulating proinflammatory cytokines (IL-1, IL-6,
IL-8, TNF-«), platelet-activating factor, leukotriene C4,
iNOS, endothelin-1 and thromboxane. These mediators
are believed to stimulate signal transduction and gene
transcription, leading to apoptosis or programmed cell
death, secondary inflammation, increased intestinal
wall permeability and, ultimately, necrosis. Conversely,
IL-10, IL-11, IL-12, erythropoietin and epidermal growth
factor have been shown to play an important role in
the prevention of intestinal injury. Using a neonatal
rat model, the protective effect of maternal milk has
been associated with increased ileal production of
anti-inflammatory 1L-10.*° Also, enteric organisms
such as non-virulent Salmonella strains are capable of
attenuating intestinal inflammatory responses.®*

Chronic lung disease/bronchopulmonary dysplasia

Many aspects of the inflammatory response in the
context of CLD/BPD remain to be elucidated.

On the one hand, artificially induced lung inflam-
mation through intra-amniotic injection of proinflam-
matory cytokines in rabbits results in increased lung

volumes, increased surfactant production and
improved gas exchange.** Likewise, fetal exposure to
chorio-amnionitis can lead to enhanced lung matura-
tion, similar to the effect yielded by antenatal gluco-
corticoids.?® This is in line with the findings from the
UK Epicure study, indicating that infants born below
26 weeks’ gestation are more likely to die in the
absence of chorio-amnionitis and antenatal adminis-
tration of glucocorticoids.?*®

Alternatively, as previously mentioned, antenatal
inflammation can disrupt the process of alveolariza-
tion, resulting in alveolar simplification and priming
of the fetal lung, rendering it vulnerable for further
injury postnatally.?>** Indeed, prolonged postnatal
mechanical ventilation (> 7 days) of lungs that are
primed in this way, together with postnatal infection
(sepsis or pneumonia), may result in a secondary
inflammatory response and the development of
CLD/BPD.**® Support for this hypothesis stems from
the observation that predominantly memory cells
from the immune system, i.e. lymphocytes and mono-
cytes, are observed in broncheo-alveolar lavage fluids
obtained from ventilated and antenatally inflamed
animal lungs.*”

Ongoing lung damage in the premature infant may
also be caused by failure to downregulate inflammatory
responses.® Data suggest that preterm newborns with
lung inflammation may be unable to activate the anti-
inflammatory cytokine IL-10. Comparing preterm
infants with term infants in respiratory failure, the abil-
ity of lung macrophages to produce TNF-« is nearly
identical, whereas a trend toward diminished levels of
IL-10 expression exists in the preterm group.** Such
data suggest an imbalance between pro- and anti-
inflammatory responses, leading to CLD/BPD.

The role of transforming growth factor-g, i.e. a
cytokine participating in adult chronic inflammatory
diseases, is still to be elucidated in neonatal inflam-
matory processes.*

Retinopathy of prematurity (ROP)

ROP is an ischemia-induced proliferative retinopathy,
affecting premature infants with low birth weight. The
process of retinal neovascularization in ROP is com-
plex, involving several angiogenic factors, such as
vascular endothelial growth factor. Potential medical
therapies for ROP include not only modulators of such
angiogenic factors but also endogenous inhibitors and
anti-inflammatory drugs. The latter drugs have proved
to be efficacious against neovascularization in several
animal models of oxygen-induced retinopathy, and are
currently already trialled for adult diabetic retinopathy
and age-related macular degeneration.*!

Perinatal inflammatory responses,
neonatal disease and neuro-morbidity

Both animal and clinical data suggest that intrauterine
infection can be linked to adverse neurological
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outcome either via infection/inflammation-induced
WM damage or via infection/inflammation-induced
preterm birth.**** A recent meta-analysis (23 studies)
revealed a significant association between clinical
chorio-amnionitis, cystic PVL (RR, 3.0; 95% CI,
2.2-4.0) and cerebral palsy (CP) (RR, 1.9; 95% CI,
1.4-2.5), whereas histologic chorio-amnionitis was
associated with cystic PVL (RR, 1.6; 95% CI, 1.5-2.9)
but less with CP (RR, 1.6; 95% CI, 0.9-2.7)."* The
same group recently described an increased risk for
neurological sequelae in term infants with funisitis.**

It is also likely that postnatal infection/inflammation
contributes to a long-term adverse neuro-development,
as a recent UK trial indicated a four times higher risk
of CP among infants with neonatal sepsis compared to
those without.*> A significant association between
increased levels of inflammatory cytokines in the new-
born and the development of spastic di-, quadri- and
hemiplegia has been demonstrated,* with increased
concentrations of cytokines (TNF-«, IL-18, IL-6 and
the anti-inflammatory IL-10) correlating with cerebral
lesions detected by MRIL.*°

However, several variables account for the observa-
tion that not all studies suggest such an association
between infection/inflammation and adverse outcome
in newborn infants (see Figure 4.1), i.e. (1) timing
issues, (2) nature of the infectious/inflammatory
process, (3) established and new anti-insult strategies,
(4) morbidity in organs other than the brain, (5) genetic
influences and (6) environmental factors.

Timing issues

Clinical chorio-amnionitis is based on the acute pres-
ence of two or more of the following clinical signs:
maternal temperature, maternal tachycardia, fetal
tachycardia, maternal leucocytosis, uterine tenderness
and foul-smelling amniotic fluid. However, intrauter-
ine infection may also remain undetected for months
as a chronic indolent inflammatory process. Also, bac-
terial vaginosis can result in intrauterine colonization
present at conception; if the organisms are not cleared
within 4-8 weeks after the expanding membranes seal
the endometrial cavity, the infection may result in
preterm delivery. Hence, in the absence of clear crite-
ria to identify the severity and duration of in utero
infection, it is not surprising that the clinical outcome
is unpredictable, ranging from normal fetal develop-
ment with histologic chorio-amnionitis as an inciden-
tal finding to severe chorio-amnionitis leading to in or
ex utero death with long-term neurological sequelae.?®

Type and presence of pathogen

Not only timing but also the nature of the infection may
determine the outcome.*® For example, administration
of a low dose of Escherichia coli (055:B5) endotoxin to
rats, prior to short periods of hypoxia-ischemia,
increases the overall brain injury.'® However, the oppo-
site effect is observed using a different bacterial toxin

(lipoteichoic acid) in a similar rat model.*” Amniotic
fluid contaminated with E. coli but not with Ureaplasma
urealyticum and Mycoplasma increases the risk of
CLD/BPD,* although one could point out that the latter
two species are more difficult to grow in vitro.

Evidence suggests that preterm delivery and neona-
tal morbidity may be better predicted by the degree
and nature of the FIR to infection (i.e. the host
response) than by the presence of (a combination of)
pathogens (i.e. positive amniotic cultures).®* It is
within this context that functional polymorphisms of
the different cytokines may play a role as they may
determine each individual’s genetic susceptibility
and response to infection (see below).

Anti-insult strategies

As perinatal infection/inflammation seems to be an
important risk factor for adverse neonatal outcome, the
development of appropriately designed (brain) protec-
tive strategies will, to a great extent, become indispen-
sable in neonatal care over the next decade.’® However,
the difficulties experienced hereto are at least threefold:
(1) we are currently unable to prospectively identify
those infants at greatest risk for developing (neuro)mor-
bidity; (2) the presence of both beneficial and detrimen-
tal physiologic effects by cytokines complicates any
targeted intervention; (3) the origin of perinatally
acquired brain damage is currently thought to be multi-
factorial, possibly including hypoxia/perfusion failure,
thyroid hormone deficiency, genetic factors, thrombotic
processes, growth factor deficiency, excess free reactive
oxygen production and antenatal infection.”*

Antenatal strategies

Steroids. Endogenous glucocorticoids, released by
the fetal adrenal cortex, downregulate the expression
and action of cytokines both in the periphery and in
the brain.’? Likewise, antenatal administration of
exogenous steroids can result in a reduced FIR.”
Antenatal steroids administered to women at risk of
preterm delivery decrease the risk of death, respiratory
distress®* and protect very low-birth-weight infants
against the risk of neuro-morbidity.”> However,
antenatal steroids do not reduce the incidence of
CLD/BPD, as the drug induces alveolar simplification
and hence primes the lungs for postnatal ventilation-
mediated injury.”® In addition, whereas betametasone
yields an initial suppressive effect on inflammation, it
may ultimately result in ‘late inflammation’.®

It thus seems that the exposure to infection/inflam-
mation together with antenatal administration of glu-
cocorticoids can both ‘mature and injure’ the fetus.
The ‘net effect’ in terms of adverse neonatal outcome
may depend on exposure to postnatal noxious inter-
ventions such as ventilation, high concentration of
oxygen, etc. These time-dependent interactions
between steroids and inflammation warrant further
investigation.
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Antibiotics. The administration of antibiotics
following PrePROM results in a significant reduction
in chorio-amnionitis, a delay in delivery and reduced
neonatal morbidity (e.g. neonatal infection, use of
surfactant, oxygen requirement, abnormal findings on
cranial ultrasound).’” Due to an increased risk of NEC,
coamoxiclav should be avoided, while erythromycin
seems a better choice, possibly because of a smaller
endotoxin release by damaged bacteria.”® The current
treatment for clinical chorio-amnionitis is delivery of
the fetus and subsequent treatment with antibiotics.
Maternal treatment in such cases is ineffective
because the amniotic cavity is largely a sequestered
site, inaccessible to antibiotics.

Mode of delivery. Normal labor is always associated
with some form of hypoxic stress, which may be
detrimental if the fetal brain is more vulnerable to
hypoxia in the presence of antenatal infection/
inflammation. However, there is no clear evidence
that suggests an elective cesarean section is more
neuroprotective than normal labor in the case of
(chronic or acute) chorio-amnionitis.

Postnatal strategies

Non-specific therapy for severe sepsis comprises
antibiotics, aggressive fluid resuscitation, inotropes
and ventilatory support. More specific strategies are
aimed at tapering of sepsis-related immunodeficiency
syndromes by using recombinant growth factors, such
as granulocyte colony stimulating factor (CSF), granu-
locyte macrophage CSF and interferon. Recombinant
activated protein C is an anti-inflammatory, antithrom-
botic and fibrinolytic agent that has been successfully
used in severe sepsis in adults. However, its use is not
approved in infants or children.>

Treatment of NEC currently consists of antibiotics
and hemodynamic stabilization, with, in some cases,
the need to proceed to surgery. However, a better
understanding of the mechanisms underlying its
pathogenesis is needed. For example, understanding
the protective effects of maternal milk could be benefi-
cial either in the prevention of NEC or in the develop-
ment of future therapeutic strategies to cure NEC.*

Postnatal steroids are commonly administered in
severe CLD/BPD, as data suggest that preterm new-
borns with lung inflammation may be unable to
activate anti-inflammatory cytokine pathways.* Dose-
related inhibition of cytokine synthesis is indeed
observed when treating monocytes with dexametha-
sone in vitro.®® Although early postnatal anti-inflam-
matory therapy could help in preventing CLD/BPD,
prophylactic dexamethasone cannot be recom-
mended, as there are a number of potential interac-
tions between surfactant and cytokine effects on the
preterm lung that have not been fully evaluated.*® In
addition, postnatal administration of steroids has
been associated with neurodevelopmental impair-
ment, warranting further randomized controlled eval-
uation of its risks vs. benefits.*'

It is to be hoped that we will see multicenter clinical
trials over the next decade, evaluating inflammatory
protection and inflammatory response modification in
the newborn infant. This requires further detailed
animal work of immune modulatory drugs and their
kinetics within the newborn age group.®* Inflammatory
protection can be achieved by exogenous administra-
tion of IL-10, although complex differential effects
between its central and peripheral effects need further
exploration.®® The exogenous administration of
response modifiers/receptor antagonists currently
evaluated in animal models (e.g. IL-18 receptor antag-
onist or soluble TNF receptor) may not be without risk,
as many of the proinflammatory cytokines exhibit frag-
ile equilibria of biological activity.®* As an example,
the presence of TNF-o can have beneficial effects,
whereas blocking TNF-« in adults with septic shock
results in increased mortality.®® Future strategies there-
fore must aim to ‘redress the optimal cytokine balance’
rather than ‘prevent the inflammatory response’.

Morbidity in organs other than the brain

Is there evidence that a neonatal inflammatory
response (e.g. sepsis, NEC) involves an increased risk
of neuro-morbidity?

Sepsis/NEC

The role of proinflammatory cytokines during sepsis/
NEC in the etiology of CP remains controversial. How-
ever, preliminary reports suggest a significant associa-
tion between TNF-«, IL-8 and an abnormal cognitive
and psychomotor outcome at the age of 24-28 months.®

Lung inflammation

A complex interaction exists between lung and brain
inflammatory processes. Lung disease has been mim-
icked in transgenic mice that overexpress human IL-18
in the respiratory epithelium.®” The expression of a
number of genes participating in inflammation was
also increased in their brains, although no major histo-
logical differences were detected compared to control
animals. Ventilation of inflamed preterm lungs may
also result in more lung inflammation, creating an
excess of cytokines in the systemic circulation, which
in turn may promote the development of CLD/BPD,
and, in addition, may result in remote (brain) damage.*”

Host-genetics

Single-nucleotide polymorphisms (SNPs) consist of
single base substitutions in a DNA sequence. Almost
all genes contain SNPs, but only a minority of SNPs
result in amino acid variation in protein products.
In addition, many of the functional SNPs occur in
the promotor region rather than the gene itself and
affect protein levels through altered transcription.
Polymorphism-association studies compare the
prevalence of a genetic marker in persons with a given
condition to the prevalence in controls.’® Gene poly-
morphisms that may influence perinatal outcome
through alteration of the response to infection have
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been reported for the IL-1 receptor antagonist,® 11.-6,7°
interferon-y”* and TNF-«a.”* Likewise, cytokine gene
polymorphisms may modify the risk of brain injury
and hence act as an endogenous inflammatory
response modification mechanism.?* As an example,
the IL6-174(G | C) genotype has been associated with
impaired neurological outcome in preterm children.”®

Cytokines are able to mediate intravascular cell
adhesion, coagulation and/or thrombosis, and vaso-
constriction. In the presence of an existing throm-
bophilia or a cytokine polymorphism resulting in
increased susceptibility to infection, the actions of
these cytokines in the fetal brain may be enough to
result in adverse neurological outcome.”

Such outcome-related research is complicated by
the fact that one needs to examine the frequencies of
several cytokine genotypes, in infants as well as in
mothers, while taking into account demographics,
newborn illness severity and several other risk factors.
The ultimate goal is to use identified SNPs as a biologic
guide to target new anti-inflammatory strategies toward
the most genetically vulnerable premature infants (i.e.
pharmaco-genomics).

Environment

Impaired neurodevelopment after a fetal/neonatal
inflammatory response most likely occurs via a
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Advances in neonatal

ventilation

S. M. Donn and S. K. Sinha

Introduction

Ever since Hippocrates first described the use of
intubation and positive pressure ventilation to support
respiration approximately 2400 years ago, the goals of
mechanical ventilation have remained essentially
unchanged. We continue to attempt to achieve and
maintain adequate pulmonary gas exchange, mini-
mize the risk of lung injury, reduce the patient work
of breathing, and optimize patient comfort. The intro-
duction of surfactant replacement therapy, antenatal
corticosteroid treatment, and the deployment of state-
of-the-art mechanical ventilators have all changed the
demographics of the ‘old BPD’ and presented new
challenges in neonatal intensive care. Although we
have made a start, the evidence as to how best to
approach the problem is as yet insufficient on which
to draw specific therapeutic conclusions or make
clinical recommendations. Until we have created a
sufficient evidence base, it seems prudent, therefore,
to rely on the basic tenet of medicine, ‘Primum Non
Nocere: First, Do No Harm’. Therapy, in this case
mechanical respiratory support, should be directed at
avoiding the potentially damaging effects of oxygen
therapy, the trauma from excessive pressure and/or
volume, the adverse consequences of atelectasis; and
the role of inflammation and infection in the pul-
monary injury sequence, which is now well estab-
lished. In addition, the new technology has given us
the opportunity to observe the potentially deleterious
effects of inappropriate airway flow, referred to as
‘rheotrauma’.’ The challenge is to identify the most
appropriate device, technique, and strategies, espe-
cially as philosophies of respiratory management dif-
fer so widely among the individual clinicians and
institutions.?

The past

The last three decades brought tremendous advances
in the management of newborns with respiratory fail-
ure. The use of continuous distending pressure, first
introduced by Gregory et al.,’* was a remarkable step
in maintaining the alveolar stability and improving

survival in premature infants with respiratory distress
syndrome (RDS). Mechanical ventilation of newborns
resulted in the first report of a new disorder, bron-
chopulmonary dysplasia (BPD), also referred to as
chronic lung disease (CLD), described by Northway
et al. in 1967,* in which infants developed chronic
parenchymal lung and airway injury characterized by
inflammation and squamous metaplasia of the respi-
ratory epithelium.

The 1970s brought the widespread practice of
mechanical ventilation to neonatal intensive care,
utilizing primarily continuous flow, time-cycled,
pressure-limited ventilators. It dramatically extended
the limits of viability, although the incidence of BPD
continued to rise. In 1975, Philip attributed the patho-
genesis of BPD to the combined effects of exposure to
oxygen and positive pressure ventilation over time.’

The technological revolution accelerated in the
1980s with the advent of high-frequency ventilation
(HFV). This new form of mechanical ventilation uti-
lized delivered gas volumes that were smaller than
the anatomical dead space at very high rates in an
attempt to lower airway pressure and achieve more
uniform gas distribution within the lung. Continuous
‘non-invasive’ monitoring was introduced, with trans-
cutaneous gas monitoring and pulse oximetry becom-
ing readily available. Toward the end of the decade,
surfactant replacement therapy became a reality, over-
coming the biochemical effects of the premature lung.
Yet, CLD persisted.

The 1990s were characterized by the continued
proliferation of technology. Real-time breath-to-
breath pulmonary monitoring became feasible, and
with it a host of new ventilator modes and modalities
were introduced into clinical practice, such as syn-
chronized intermittent mandatory ventilation (SIMV),
assist-control (patient triggered), pressure-control,
pressure-support, and volume-targeted ventilation.
This decade also saw a dramatic change in the demo-
graphics and the nature of CLD. Infants surviving
RDS were even smaller and more premature. Chronic
lung changes (the ‘new BPD’)®” were now character-
ized by a decrease in alveolarization of the lung, with
less inflammation and scarring, but with diminished
surface area and functional lung units. The incidence
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of CLD approached 30-40%, depending on how one
chose to define it.

The present

Management strategies in the new millennium repre-
sent a broad spectrum with little consensus, ranging
from non-invasive techniques to the highly invasive
extracorporeal membrane oxygenation (ECMO).
Almost all of the clinical trials conducted to date,
which have utilized CLD as the primary outcome meas-
ure, have failed to demonstrate a benefit in lowering
its incidence.

Continuous distending pressure

Continuous positive airway pressure (CPAP) is a form
of distending pressure applied to the airways of a
spontaneously breathing infant. It works by abolishing
the upper airway occlusion and preventing atelectasis
of the lungs, thus maintaining adequate functional
residual capacity (FRC). CPAP as a primary strategy
was popularized by the work of Wung and colleagues
beginning in the early 1970s.® This approach was
based on a dependence on spontaneous breathing, the
avoidance of sedative and paralytic drugs, and the
acceptance of ‘abnormal’ blood gases. The approach did
result in a dramatic reduction in CLD, but it was never
subjected to a randomized clinical trial. Moreover, only
pulmonary and not long-term neurodevelopmental
outcomes have been reported. In recent years, there
has been a resurgence in the use of CPAP because it is
a non-invasive technique and easy to apply. Several
different devices and ways to administer CPAP are
now available including the Infant Flow Driver® and
Bubble CPAP®.%°

The infant CPAP system™ (Electro Medical
Equipment Ltd, Sussex, England) uses a dedicated flow
driver and gas generator with fluid-flip, variable flow,
CPAP. The Bernoulli effect directs gas flow toward each
nostril, and the Coanda effect causes the inspiratory
flow to flip and leave the generator chamber via the
expiratory limb. This is supposed to assist spontaneous
breathing and reduce the work of breathing by decreas-
ing expiratory resistance and maintaining stable airway
pressure throughout the respiratory cycle.

In the Bubble CPAP® system (Fisher and Paykel,
Auckland, New Zealand), the blended gas is heated
and humidified and then delivered to the infant
through a secured nasal prong cannula. The distal end
of the expiratory tubing is immersed under water, and
at 4 I/min of gas flow the CPAP pressure generated is
equal to the level of the CPAP probe. Varying the
depth of the underwater link, the expiratory tube can
vary the CPAP pressure. It has also been proposed that
chest vibrations produced with Bubble CPAP® may
contribute to gas exchange. Bubble CPAP® appears to
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Figure 5.1 Static pressure-volume relationship. Optimal

ventilation occurs at normal FRC, where compliance is best and
incremental volume changes occur at the least pressure change.
Ventilating above FRC results in overexpansion of the lung and
increases the risks of baro- and volutrauma; ventilating below
FRC may result in atelectasis and its attendant consequences.

be an effective and inexpensive option for providing
respiratory support to premature infants.

There are as yet no controlled trials to compare the
efficacy or superiority of one system over another.
Many questions are as yet unanswered. Is there a
‘best’ way to provide CPAP? Does primary CPAP ther-
apy delay or alter the benefit of surfactant replace-
ment therapy in babies who ultimately require it? Is
caloric expenditure higher than with mechanical ven-
tilation? Does Bubble CPAP® confer any physiologic
advantages?

Conventional mechanical ventilation (CMV)

CMV attempts to deliver physiologic tidal volumes to
the patient with the lung at or near FRC. In doing so, we
are utilizing the steepest portion of the pressure—
volume relationship, where pulmonary compliance is
the best and where the change in delivered volume
occurs at the lowest increment in driving pressure.
The concept is demonstrated nicely in Figure 5.1, a
schematic pressure—volume graph. Ventilation at nor-
mal FRC, the middle loop, results in the best hysteresis
and compliance axis, compared to either ventilating at
high FRC, the upper loop, which leads to overexpan-
sion and the risk of baro- and volutrauma, or ventilating
at low FRC, the lower loop, which leads to atelectasis
and the risk of atelectotrauma.'*

The principles of mechanical ventilation are based
on pulmonary physiology.’® Oxygenation is a function
of mean airway pressure. Mean airway pressure is
usually adjusted by increasing the peak inspiratory
pressure (PIP), the positive end-expiratory pressure
(PEEP), and/or the inspiratory time. Ventilation refers
to carbon dioxide removal and is the product of tidal
volume and frequency (rate). The tidal volume is pro-
portional to the difference between the PIP and the
PEEP, a value referred to as the amplitude. It is crucial
that clinicians understand that there are significant



The present 41

5ml

Vtsml—

Figure 5.2 Left: Real-time pressure—volume loop demonstrating overinflation. Note the flattened portion at high pressure, where no
additional volume is recruited. Right: A normal pressure—volume loop, showing satisfactory hysteresis.

differences among the various neonatal respiratory
disorders and that differing pathophysiologic condi-
tions call for different strategies. For instance, a
preterm baby with RDS (low lung volume, homoge-
nous disease) is very different from a term baby with
meconium aspiration syndrome (high lung volume,
heterogenous disease).

Mechanical ventilation is as much an art as a sci-
ence. Great care must be taken to balance the life-
saving benefit and the potentially injurious effects
of positive pressure ventilation. Excessive inspiratory
pressure can be detected by real-time pulmonary
graphic monitoring.'® This is shown in Figure 5.2. On
the left, the pressure—volume relationship demon-
strates hyperinflation, with exaggerated hysteresis
and an upper inflection point on the inspiratory limb.
A more normal pressure—volume relationship is
shown on the graph on the right.

Until recently, the effects of airway flow on pul-
monary mechanics have only been conceptual. Airway
flow, which is the time rate of volume delivery, must be
appropriately controlled. Rheotrauma refers to injury
caused by inappropriate flow. If flow is excessive, it
may result in turbulence, gas trapping, and inadvertent
PEEP, leading to overdistension and the potential for
thoracic air leaks. If flow is inadequate, it may create
‘air hunger’ or ‘flow starvation’ and increase the
patient’s work of breathing.

Turbulence, or non-laminar flow, can be created by
excessive circuit flow. This can decrease the efficiency
of gas exchange. If inspiratory airway flow exceeds
expiratory airway flow, gas trapping and inadvertent
PEEP may develop, increasing the risk of air leaks and
contributing to elevated pulmonary vascular resist-
ance. Paying close attention to respiratory time con-
stants, the product of resistance and compliance, may
help to avoid this.

Gas trapping can also be detected by real-time mon-
itoring. Figure 5.3 demonstrates an abnormality in the
expiratory flow waveform, which does not return to
the zero flow baseline prior to the initiation of the
next breath. This pattern calls for immediate adjust-
ments in ventilator parameters, such as a reduction in
flow, a decrease in the inspiratory time, or a slowing
down of the ventilator rate if mandatory ventilation is
being used.

For more than 30 years, neonatal ventilation has been
accomplished using time-cycled, pressure-limited

devices. This form of ventilation is easy to use and
leaves all parameters to the discretion of the clinician.
The baby may breathe spontaneously between the
mechanical breaths from continuous flow in the
ventilator circuit. These spontaneous breaths receive
ventilatory support by PEEP only. Recent technological
advances have introduced a variety of newer modes of
ventilation, which were not available to neonatal popu-
lations before. They are also based on sound physiologi-
cal principles, but often cause confusion. It is important
that clinicians make themselves aware of the commonly
used nomenclature. This can be best understood by
using a hierarchical organization of ventilator modes:"”

(1) Parent mode — determined by the control vari-
able. This can be pressure, volume, or flow, and
at any one time the mechanical breath can be
controlled by only one of these.

(2) Daughter mode — determined by the breath type,
which has four phases (phase variables):

Initiation of inspiration (trigger)
Inspiration (limit)

e The change from inspiration to expiration
(cycle)

e Termination or expiration (baseline variable).

Pressure, volume, flow, and time are used as phase
variables and determine the parameters of each venti-
latory cycle. For example, in time-cycled, pressure-
limited ventilation (TCPLV), the ventilator controls
the airway pressure and the inspiratory phase lasts
according to the time set by the clinician. On the other
hand, in volume-controlled ventilation, the ventilator
controls and measures the tidal volume generated by
the machine irrespective of lung compliance. A venti-
lator is flow controlled if the gas delivery is limited by
flow. This type of ventilator also controls the tidal
volume even though it does not measure it directly.

Pressure-targeted ventilation

Modalities of ventilation that target pressure as the
dependent or ‘limit’ variable include TCPLV; flow-
cycled, pressure-limited ventilation (FCPLV); pres-
sure-control ventilation (PCV); and pressure-support
ventilation (PSV). What all of these have in common
is a fixed pressure limit that the ventilator will not
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Figure 5.3 Real-time pressure (top) and flow (bottom) waveforms. The flow waveform demonstrates gas trapping. The expiratory
portion (below baseline) does not return to a zero flow state (baseline) before the initiation of the subsequent breath, which prevents

complete emptying of the lung.

exceed. Thus, delivery of tidal volume depends prima-
rily on the patient’s lung mechanics, of which compli-
ance is the most contributory. TCPLV has a fixed
inspiratory time and flow rate, FCPLV has a variable
inspiratory time (set by the patient) and a fixed flow
rate, and PCV has a fixed inspiratory time and variable
inspiratory flow rate, which is proportional to patient
effort. PSV is a spontaneous mode, used to support
spontaneous breathing, generally during weaning. It can
be used alone (if there is reliable respiratory drive) or in
combination with synchronized intermittent mandatory
ventilation (SIMV). Pressure-support breaths are flow
cycled, so there is variable inspiratory time, and offer
variable inspiratory flow proportional to the patient
effort. Pressure-support breaths are pressure limited and
may also be time limited.

Pressure-targeted modalities may be used in several
modes. IMV involves the delivery of mechanical
breaths at a fixed rate, selected by the clinician, with
the patient able to breathe spontaneously between
mechanical breaths. SIMV also involves a fixed
mechanical rate, but the ventilator looks for sponta-
neous effort during a timing window in order to syn-
chronize the start of a mechanical breath with the start
of a spontaneous breath (see ‘Triggered Ventilation’,
below). Assist-control ventilation provides a mechani-
cal breath each time the patient breathes sponta-
neously, provided the trigger threshold is met, and
also has a set control rate in case of patient apnea or
inability to exceed the trigger threshold.

Volume-targeted ventilation

More recent technological advances have also enabled
measurement of delivered tidal volumes and made
possible the reintroduction of volume-targeted ventila-
tion to newborn infants.'® This form of CMV allows the
clinician to select a specific tidal volume to be deliv-
ered to the patient. Pressure is permitted to fluctuate,
creating a ‘self-weaning’ style of ventilation. Volume
cannot truly be used as a cycling mechanism in the

newborn, because of gas leaks around the uncuffed
endotracheal tubes used in clinical practice, so it is
better to refer to this form of CMV as volume-targeted,
volume-limited, or volume-controlled ventilation. One
of the advantages it offers over pressure-limited venti-
lation is that it responds to changes in pulmonary
compliance. If compliance improves (e.g. following the
administration of surfactant), pressure is decreased.
Conversely, if compliance decreases (e.g. with pul-
monary edema), pressure is increased to provide the
desired tidal volume. Earlier, technological limitations
of volume-targeted ventilation included high trigger
sensitivity and asynchrony, slow response times (long
trigger delays), highly compliant circuits (leading to
increased compressible volume loss), and inability to
both provide and measure the small tidal volumes
required by premature infants. These have all been
overcome (although not all of the devices providing
volume-targeted ventilation can accurately measure
tidal volume at the proximal airway).

Few studies to date have examined the effects of vol-
ume-targeted ventilation on neonatal outcomes. The
investigation of Sinha et al.'® randomized larger preterm
infants to receive volume-targeted or pressure-targeted
ventilation with tidal volume delivery tightly con-
trolled. Infants assigned to the volume group had a
shorter duration of ventilation, a strong trend to less
CLD, and fewer severe neuroimaging abnormalities than
the pressure group. Since this study, advances in the
technology have enabled the delivery of even smaller
tidal volumes and extended the capability to provide
volume-targeted ventilation to the smallest premature
infants. A large clinical trial is presently under way.

Hybrid forms of ventilation

Attempts have been made to combine the best features
of both pressure-targeted and volume-targeted venti-
lation, resulting in a number of hybrid modali-
ties.'®?°?2 Volume-guarantee® and pressure-regulated
volume control® ventilation utilize a breath averaging
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technique to constantly adjust delivered tidal volume
in response to changing patient lung mechanics.
Volume-assured pressure support® adjusts the deliv-
ery of gas during a single breath to provide a mini-
mum tidal volume by extending the inspiratory time
and slightly ramping inspiratory pressure until the
desired volume has been provided.* All three of these
modalities appear promising but are in need of further
investigation.

Proportional assist ventilation (PAV)* is an adap-
tive form of mechanical ventilation in which the
inspiratory pressure is determined by the elastic and
resistive properties of the patient. In the only pub-
lished clinical trial, PAV was noted to be associated
with lower mean airway and transpulmonary pres-
sure at an equivalent fraction of inspired oxygen and
similar carbon dioxide removal rate. Again, prelimi-
nary results are encouraging and ongoing evaluations
may help to define the role of this modality.

Mandatory minute ventilation is a modality that
combines SIMV and PSV. The desired minute ventila-
tion (the product of tidal volume and frequency per
minute) is set by the clinician, and as long as the
patient is able to meet this target spontaneously, all of
the breaths are pressure supported. If the minute ven-
tilation falls below the desired level, the ventilator
will provide additional ‘catch-up’ SIMV breaths using
a breath-averaging technique. This form of ventilation
is also being actively investigated.

Permissive hypercapnia

A recent lung-protective strategy that has been evalu-
ated is permissive hypercapnia. This approach was
based on an observation by Kraybill et al. in 1989,* in
which infants displaying the highest carbon dioxide
levels had the lowest incidence of BPD. The rationale
behind permissive hypercapnia is that it decreases
volutrauma, reduces the duration of ventilation,
decreases the complications associated with hypocap-
nia, and increases oxygen unloading at the tissues by
the Bohr effect. Two prospective controlled trials*®*”
did demonstrate a reduction in the duration of venti-
lation, but failed to show a decrease in the incidence
of CLD. Although the strategy is attractive, further
work is necessary to determine its place in the man-
agement of neonatal respiratory failure.

Triggered ventilation

Although IMV was the major ventilatory mode utilized
for newborns for more than 25 years (Figure 5.4, left
panel), it was not without hazard. One of its major draw-
backs is the development of asynchrony, where the
ventilator cycles at a programmed rate and the patient
breathes independently, sometimes with and sometimes
against the mechanical breath. Asynchrony has been
shown to have adverse physiological consequences.
‘Fighting the ventilator’ may lead to inconsistent tidal
volume delivery, increased work of breathing (and the
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Figure 5.4 Graphic comparison of IMV (left) and flow
synchronized ventilation (FSV; assist-control) (right). Note the
wide variability of delivered tidal volumes in IMV, depending on
whether the baby and ventilator are in or out of phase. In FSV,
every breath is the same, since baby and ventilator are always
100% synchronous.

need for higher mechanical support), inefficient gas
exchange, and airleaks. Other organ systems may also
be affected. Nearly 20 years ago, Perlman and Volpe?
demonstrated the adverse effects of asynchrony on
cerebral blood flow velocity and its high association
with intraventricular hemorrhage.

Figure 5.4 is a graphic comparison of IMV (left) and
flow synchronized assist-control ventilation (right)
and the difference is striking. In addition to the rela-
tively feeble spontaneous breaths, supported only by
PEEP, pressure-targeted IMV can result in widely vari-
able tidal volumes, depending on whether the baby
and the ventilator are in or out of phase with one
another. Synchronization results in a consistently
reproducible pattern of gas delivery with nearly iden-
tical pulmonary mechanics with each breath.

Synchronized or patient-triggered ventilation utilizes
a patient-derived signal to initiate a mechanical breath.
The signal is a surrogate of spontaneous breathing and
may be a change in airway flow or pressure, abdominal
movement, or thoracic impedance. One of the keys to
successful triggered ventilation is a short response time
or trigger delay. This is the interval between reaching
the trigger threshold and the delivery of gas to the proxi-
mal airway. Long trigger delays mean that the baby may
be considerably into the inspiratory cycle before receiv-
ing mechanical support, thus increasing the work of
breathing and decreasing synchrony.*

Flow signals may also be used to terminate a breath,
thus fully synchronizing the baby and the ventilator in
both inspiration and expiration. This is referred to as
flow-cycling. Flow-cycling is advantageous during
assist-control ventilation as a safeguard against gas
trapping and inversion of the inspiratory—expiratory
ratio. If a baby becomes tachypneic during time-cycled
assist-control, the fixed inspiratory time means that
the expiratory time will become shorter and shorter
as the baby breathes faster and faster. With flow-cycling,
the inspiratory time will become shorter, since the
breath terminates at a percentage of peak inspiratory
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flow rather than at a fixed time. Flow-cycling is also
incorporated in PSV, where an inspiratory pressure
‘boost’ is applied to spontaneous breaths to help over-
come the work of breathing imposed by the narrow
lumen endotracheal tube, ventilator circuit, and demand
valve. Pressure-support ventilation is primarily a
weaning mode, but is also a form of synchronized
ventilation®® (Figures 5.5 and 5.6). Unfortunately, the
evidence base for synchronized ventilation is also
variable, and its role in the prevention of BPD still
needs to be determined.?~**

High-frequency ventilation

HFV is generally divided into two subcategories.
High-frequency jet ventilation (HFJV) uses a jet injec-
tor and pulsed or interrupted flow, usually in the
range of 240-600 breaths/min. It involves passive
exhalation and is thus dependent on the elastic recoil
of the lungs for emptying. It is used in tandem with a
conventional ventilator, which provides PEEP and
conventional or sigh breaths. High-frequency oscilla-
tory ventilation (HFOV) is different from HFJV and
involves the use of distending pressure to inflate the
lung to a static volume, and usually piston-driven dis-
placement during inspiration and active exhalation.
Typical rates for HFOV are 8—15 Hz. The gas volumes
delivered are even smaller than those during HFJV.
Management is relatively straightforward with oxy-
genation controlled by adjusting mean airway (dis-
tending) pressure and ventilation controlled by
adjusting the amplitude of the oscillations.

HFJV was shown to be more effective than rapid
rate CMV in the management of preterm infants with
pulmonary interstitial emphysema, but few studies
have examined its effect on CLD as a primary outcome
measure. One study by Keszler et al.** did show a
reduced incidence of CLD and a decreased need for
home oxygen, but the comparison group was venti-
lated with IMV and the results of this study may not
be applicable today.

HFOV has been more intensively studied, but the
investigations have yielded conflicting results. In
1996, Gerstmann et al.?® demonstrated increased sur-
vival without CLD, but Rettwitz-Volk et al.*®?*” found
no differences in a 1998 report. Thome et al. showed
a shorter time to extubation in an earlier trial, but a
later study in 1999 found no differences in the inci-
dence of death, CLD, or intraventricular hemorrhage.
The two most recent studies, both published in 2002,
also had discrepant results. The Neonatal Ventilation
Study of Courtney et al.*® found a small reduction in
the incidence of CLD, whereas the UKOS study of
Johnson et al. found no reduction.?® The Courtney study
utilized SIMV with inspiratory times of 0.25-0.4s in
the comparison group; the Johnson study utilized
IMV with inspiratory times set at 0.4 s. Perhaps, the
work of breathing was higher in the former study and
may explain some of the differences in the results.

At present, the use of HFOV as a primary treatment
strategy does not appear to be supported by the avail-
able evidence. The latest recommendation of the
Cochrane Library*® is consistent with this.

Extracorporeal membrane oxygenation

ECMO is a form of extracorporeal life support in
which the circulation is diverted from the body to an
artificial lung for gas exchange. ECMO was originally
done through catheters placed in the right common
carotid artery and right internal jugular vein (veno-
arterial), but this necessitated permanent ligation of
these vessels. Veno-arterial ECMO has now been
largely replaced by veno-venous ECMO, using a
double-lumen catheter in the right interval jugular
vein. It has been shown to be efficacious in infants
> 34 weeks of age or > 2000g, who have reversible
respiratory failure, unresponsive to ‘conventional’
treatment, and with a > 80% probability of death.
Although ECMO is technically feasible in infants as
small as 800g, it requires systemic anticoagulation,
and thus the risk of severe cerebral hemorrhage pre-
cludes its use in smaller newborns.

Neonatal ECMO utilization for respiratory failure
has declined substantially as newer treatments, such
as inhaled nitric oxide (iNO) and HFV, have evolved.
However, it remains as the penultimate rescue tech-
nique in infants with suitable indications.*!

iNO therapy

Nitric oxide in conjunction with appropriate ventila-
tory support is currently indicated in the management
of newborns of term and near-term gestation with
hypoxemic respiratory failure associated with evi-
dence of pulmonary hypertension. Its use in the man-
agement of hypoxemic respiratory failure in the
preterm infant, however, has not yet been established
and any such use remains investigational.

The physiologic rationale for the clinical use of
iNO in hypoxemic respiratory failure is based on its
ability to achieve sustained and potent pulmonary
vasodilation without causing systemic hypotension.
Persistent pulmonary hypertension of the newborn
(PPHN) is a disorder associated with diverse underly-
ing pathologies, which is characterized by high pul-
monary vascular resistance causing extrapulmonary
right-to-left shunting of blood across the patent ductus
arteriosus, foramen ovale, or both, leading to severe
hypoxemia. iNO abolishes or decreases this shunt by
lowering the pulmonary arterial pressure, often pro-
ducing the immediate improvement in oxygenation
seen in infants with PPHN.

The Neonatal Inhaled Nitric Oxide Study Group
(NINOS)*? and the Clinical Inhaled Nitric Oxide
Research Group (CINRGI) are the pivotal multicenter-
randomized trials that have demonstrated that iNO
therapy improved oxygenation and reduced the need
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for ECMO treatment in term and near-term (>34
weeks’ gestation) infants with hypoxemic respiratory
failure and PPHN by 15-24%.

Finer recently reviewed the role of nitric oxide for
respiratory failure in infants born at or near term.*’
Twelve eligible randomized-controlled trials were
included in the analysis. iNO therapy was shown to
reduce the incidence of combined outcome of death
or the need for ECMO. The reduction was purely in
the need for ECMO; mortality was not reduced. This
finding primarily results from the efficacy of rescue
ECMO for these infants.

The role of iNO in preterm infants with hypoxemic
respiratory failure is controversial. Unblinded clinical
studies and case reports have shown that iNO acutely
improves oxygenation in preterm infants.** In a recent
controlled trial, Schreiber et al.*® showed a reduction
in the combined outcome of survival without CLD in
preterm infants given iNO early compared to those
given placebo. The effect was only seen in infants
who had less severe respiratory failure (oxygenation
index <7) at entry and not in more sick babies.
Another study, the INNOVO trial from the UK, failed
to demonstrate any benefit,*® but it recruited babies
who had more severe respiratory failure. Additional
trials are under way and until we know more, the role
of iNO in preterm infants remains uncertain.

Monitoring

Continuous monitoring of the mechanically ventilated
newborn has been a major technological advance. In
the earlier era of mechanical ventilation, monitoring
was intermittent and inferential. Assessments were
made on the basis of a daily chest radiograph to
crudely estimate lung volumes, and occasional blood
gas measurements to evaluate gas exchange. Trans-
cutaneous oxygen monitoring demonstrated the
foibles of this approach. The development of pulse
oximetry and continuous invasive therapy has
enabled tighter control of oxygenation and ventila-
tion, and the introduction of real-time pulmonary
graphic monitoring'® has finally given the clinician
breath-to-breath feedback on the interaction between
the ventilator and the patient. It allows for the cus-
tomization or ‘fine tuning’ of ventilation for the indi-
vidual baby and the evaluation of treatments that have
a narrow therapeutic index. Monitoring is not a sub-
stitute for close clinical observation, but it can serve
to augment the bedside care of ventilated newborns.

Weaning from mechanical ventilation

Weaning refers to the process in which the work of
breathing is shifted from the mechanical ventilator to
the patient. For the baby to be successfully weaned
and extubated, there are a number of physiologic
essentials. The baby must have reliable respiratory
drive and be capable of sustaining alveolar ventilation

once support is lessened, then removed. This requires
neuromuscular competence. Adequate calories must
be provided to fuel the work of breathing (but too
many non-nitrogen calories can also increase carbon
dioxide production). Factors known to impede the
weaning process should be avoided or at least consid-
ered. They include electrolyte imbalance and meta-
bolic alkalosis, anemia, infection, patent ductus
arteriosus and/or congestive heart failure, neurologic
dysfunction, and the effects of pharmacologic agents,
such as analgesics and sedatives.

In general, the most harmful parameters should be
decreased first. If the fraction of inspired oxygen is
high, it should be weaned to less than 0.4 as oxygena-
tion permits. If PIP or PEEP is high, it should likewise
be decreased. The advent of triggered ventilation has
altered weaning strategy, since reduction in the venti-
lator rate during assist-control does little if the patient
is breathing above the control rate. Most studies to
date have demonstrated that any form of triggered
ventilation is superior to IMV in decreasing the time
of ventilation.*” Care should be taken to avoid fatigu-
ing the baby by decreasing the ventilator rate during
(S)IMV, since there is no support for spontaneous
breathing other than PEEP. Perhaps, augmenting this
with PSV will be the solution.

Controversies are still abound regarding adjunctive
treatments during the weaning process. Although
studies do support the use of methylxanthines, con-
cerns exist regarding long-term safety. Similarly,
diuretics and bronchodilators have been used with
varying success, but some measure of efficacy should be
assessed if treatment is to be continued. Corticosteroids
have received a great deal of attention, primarily
related to their use in the prevention and treatment of
BPD. Neurodevelopmental concerns appear justi-
fied,*®*? and the use of corticosteroids in the weaning/
extubation process should be limited to short-term
treatment of infants who have failed extubation
because of upper airway edema.

Prior prospective indices to determine readiness
for extubation have not been helpful. However, the
ability to measure pulmonary mechanics, tidal vol-
ume, and minute ventilation has been shown to have
a high positive predictive value in determining when
to extubate a preterm infant recovering from RDS.*°
Alternatively, in the larger infant, one might consider
extubation when the degree of support appears to
equal the imposed work of breathing. This is another
area ripe for investigation.

Optimizing mechanical ventilation

How can we optimize conventional ventilation? First,
we need to ask good clinical questions. Second, we
need to design the right tools to answer them. Third,
we need to accurately and succinctly define our ter-
minology and our outcome measures. A significant
example of this is how we choose to define BPD.
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Figure 5.5 Top: Larger breaths are mechanical SIMV breaths, smaller breaths are spontaneous, supported only by PEEP. Bottom:
Pressure support has been added to spontaneous breaths. These partially supported breaths are not quite as robust as the SIMV
breaths (by choice), but are far better than the unsupported spontaneous breaths in the upper panel.

Assist control

Time cycle

Flow cycle

Figure 5.6 Pressure (top) and flow (bottom) waveforms demonstrating the differences between time-cycling and flow-cycling. In
time-cycling, the inspiratory phase continues for a fixed period; expiration does not begin until the exhalation valve opens. This
results in a plateau pressure. In flow-cycling, inspiration ends as a percentage of peak inspiratory flow. Thus, inspiration cycles
directly into expiration and results in a more spiked pressure waveform.

There can be an enormous variation in the incidence
of BPD within the same population, depending on
how one chooses to define BPD. We need to find a
better way to do this, and the work of Walsh et al. on
determining a functional or physiological definition
of CLD is an encouraging beginning.”

We clearly need to develop a better evidence base
with respect to the multiple ways we can now venti-
late babies. From this, we should be able to ask even
better questions. It is possible that we have relied too
heavily on meta-analysis, and we need to understand
its limitations. Again, as an example, although the
focus of most analyses has been on ventilation prac-
tices, which may very well be the most important
variable affecting pulmonary outcomes, are the cited
studies adequately controlled for other clinical

parameters that can and do impact the pathogenesis of
BPD, including nutritional practices, management of
blood pressure and fluids, the approach to the PDA,
the use of analgesics and sedatives, and respiratory
drugs, antibiotic practices, ancillary care, and, very
importantly, the variability in the host response?

The future

As we ask the important questions, other outcomes,
besides just CLD, need to be considered. CLD is an inter-
mediate outcome variable, but it may not be as impor-
tant as looking at longer-range assessments, of which
neurodevelopmental outcome is probably the most
important. Similarly, short-term measures may also be
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significant. For instance, if there are no differences in
either CLD or neurodevelopmental outcomes between
two styles of ventilation, we should pay close atten-
tion to the short-term measures, such as patient com-
fort, cost-effectiveness, and acute complications, such
as pneumothorax and days of ventilation.

What is the ideal mode of ventilation? It is one that
delivers a breath that synchronizes with patient’s own
spontaneous respiratory effort. It maintains adequate
and consistent tidal volume delivery and minute ven-
tilation at low airway pressures. It is able to respond
to sudden or unpredictable changes in pulmonary
mechanics or patient demand. It provides the lowest
possible work of breathing for the baby.

What is the ideal ventilator? It is one that achieves
all of the important goals of mechanical ventilation. It
provides a variety of modes and modalities that can
ventilate even the most challenging pulmonary diseases.
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Regionalization of care

The concept of regionalization of perinatal care was
introduced in the late 1960s in Canada,’ and during
the 1970s, perinatal centers were established in devel-
oped countries. The goal was to identify the high-risk
pregnancies and to transfer mothers to tertiary hospi-
tals, which were organized, staffed, and equipped for
the multidisciplinary task of providing optimal mater-
nal and neonatal care. In Europe, the regionalization
of preterm infants in the late 1990s was evaluated in
a survey (EUROPET) showing that there were great
variations in the regionalization programs between
different countries.* In some countries, governmen-
tal policies exist; in others, national scientific soci-
eties issue guidelines, usually stressing intrauterine
transfers and delivery in level III centers for very
preterm infants. The size of the delivery units varies
considerably, the average number of births per mater-
nity unit being 500-3000. Large maternity units usu-
ally have adjacent level III neonatal intensive care
units (NICU), although their organization varies.*

In USA, a trend toward deregionalization has
occurred since the late 1980s, referring to a process
of moving away from transfers to referral centers pro-
viding the highest quality of care to promoting com-
peting hospitals with less expertise. The difference in
functioning level is not clear to the public, and thus
decisions on which caring centers to choose may be
taken on non-medical grounds, such as convenient
location.” Deregionalization may also be a result of
too small tertiary neonatal units without the possibil-
ity of admitting all newborn patients requiring inten-
sive care. As a result of the remarkable increase in
survival of the very preterm infants during the past
decades, the patient load in tertiary NICUs often
exceeds their capacities. Thus, the criteria used for
defining high-risk pregnancies tend to be stricter, i.e.
only the most immature infants are transferred to
level IIT units and less immature preterm infants with

considerable morbidity risks are increasingly treated
in level II units. This development is unfortunate,
since the way that perinatal care is organized may
have a substantial impact on clinical outcomes, such
as mortality and disability rates. Birth at a hospital
with a regional NICU is associated with a lower risk-
adjusted mortality than birth at a hospital with no
NICU, intermediate NICU of any size or small com-
munity hospitals.®

The size of the NICU has an impact on the out-
come, as, for example, was reported in a Finnish
national study where the lowest mortality and dis-
ability rates were reported in the largest academic
NICU.” In a California study on preterm infants with
birth weight less than 2000g, risk-adjusted neonatal
mortality was significantly lower for births that
occurred in hospitals with level III NICUs with an
average census of more than 15 patients/day.? No evi-
dence-based recommendations are available on the
optimal size of a NICU. However, a reasonable-sized
NICU is mandatory for running a neonatal service
with all the necessary functions: neonatologists avail-
able around the clock, experienced staff, full range of
medical intensive care with cardiology and surgical
services, including bedside operations, and capacities
to expand the facilities during high-demand periods,
e.g. due to preterm multiple births. Regional units
should have an academic function, providing high-
quality specialist training and performing research on
their preterm cohorts as well as repeated quality
assessments of treatment strategies. Further, tertiary
academic units should participate in national and
international networks, e.g. for collaborative use of
quality improvement techniques, and translation of
research into practice, which may result in acceler-
ated and effective practice changes and implementa-
tion of evidence-based interventions.?

The rapid development of technology in newborn
medicine, e.g. ventilators and incubators for preterm
infants, leads to a continuous need for new investments
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in intensive care equipments. Centralization of
neonatal care decreases the need for overlapping func-
tions in level III and level II centers, especially invest-
ments in expensive technology. Regional resources for
expensive front-line equipment should be allocated to
the regional center, which should have responsibility
for evaluating them scientifically and keeping them
in continuous use, thus providing a high level of
technical know-how to the staff. The performance of
intensive care could be facilitated by a computerized
clinical information system, which ensures precision in
physician orders, improves medication management,
facilitates reporting, and provides detailed documen-
tation of care and continuous monitoring of para-
meters from technical equipment. Implementation of
a computerized physician order entry has been shown
to reduce medication turnaround times and medica-
tion errors."

The limited health resources can be efficiently used
with a well-organized tiered network with regionaliza-
tion of highly specialized intensive care and several
level II units for the intermediate care.’ This organi-
zation model aims at a balance between efficiency and
accessibility to services and requires transfer of the
preterm infant after the intensive care period to the
next level unit.

Transport

Regionalization of perinatal care requires a well-
organized transfer service as well as presents an oppor-
tunity to establish a safe and efficient transfer network."
The goal should be that all high-risk pregnancies are
identified antenatally and the transfer to the perinatal
center with level III NICU should take place in utero.
However, there will be a small group of preterm infants
acutely delivered outside the tertiary perinatal center, as
well as newborn infants with unexpected complications
and postnatal disorders, who need to be transferred
postnatally to the regional center.

Neonatal transport service requires an appropriate
referral system, trained personnel, and management
structures.” Depending on the population base and
the geography different solutions can be applied. For
emergency postnatal transports of very preterm
infants to the level Il units, it is crucial that the trans-
port team is trained in neonatal intensive care of this
patient group. Prior to the transfer, the infant should
be stabilized and the intensive care should be contin-
ued and monitored during the transport. According to
the EUROPET survey in 1996 on large NICUs in
Europe, the average national inborn rate of preterm
infants of less than 30—32 weeks’ gestation exceeded
75% in the majority of countries.' Thus, the need for
postnatal transports of very preterm infants is fortu-
nately an uncommon situation, which, however, is a
highly demanding task in order to avoid transport-
related complications.

The neonatal intensive care unit

The goal should be to deliver all very preterm infants
in a tertiary perinatal center with a neonatal unit well
experienced in all aspects of intensive care. Active
management has contributed to the improved progno-
sis for very preterm infants during the last decade'>®
in addition to other factors, such as level of antenatal
care and socioeconomic factors, and administration of
antenatal steroids. Ideally, the NICU should be
located close to the delivery unit and to the operating
theatre, so that intrahospital transports can be
avoided after delivery. It is necessary for neonatal
units, which treat very preterm infants, to develop
clinical routines for the care of these infants. Such
routines should include guidelines for minimal han-
dling and strategies for keeping the number of inva-
sive procedures to a minimum. The noise level in the
NICU is often high, and, consequently, measures
should be taken to reduce noise and light and include
environmental guidelines.

Immediate care at birth

The initial clinical care of the very preterm infants
differs from the care of more mature infants in several
aspects. In this context we will emphasize the initial
care of extremely preterm infants born before 28 weeks’
gestation. The very preterm infants have higher mor-
tality and are more likely to develop intraventricular
hemorrhages (IVH), symptomatic persistent ductus arte-
riosus, sepsis, necrotizing enterocolitis, and broncho-
pulmonary dysplasia (BPD) as compared to more
mature infants.”'” They are also at higher risk of devel-
oping cerebral palsy and disturbances in attention and
cognition. Close perinatal collaboration between obste-
tricians and neonatologists is essential for healthy
survival of these infants.

Prior to delivery, the parents should be informed
by the neonatal staff about expectations for survival
and morbidity, based on recent statistics. The parents
should always be allowed to express their own expec-
tations, and if time allows also have the possibility of
a visit to the NICU before the delivery. This goal can
sometimes be difficult to achieve, not least with an
expecting mother in active labor or with pre-eclampsia,
nevertheless it should always be attempted. In vaginal
deliveries, immediate postnatal stabilization of the
very preterm infant can preferably take place in the
delivery room, close to the parents.

The initial care of the very preterm infants should
be very carefully planned.'® Evaporative heat loss during
the first minutes of life can cause severe cooling of
these infants, and a low temperature on admission to
the NICU is an independent risk factor of death.'”
Radiant heater open beds designed for resuscitation
should be used. In addition, hypothermia can be pre-
vented by wrapping the wet body of the infant in a
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plastic bag as soon as possible after birth.'%*° After
rapid stabilization, the infant can be placed directly in
a preheated incubator. This transfer can be avoided by
initial use of combination incubators with both radi-
ant heater open-bed and double-wall incubator alter-
natives. The incubator is then moved to the NICU and
used for the continuing care of the infant. In order to
minimize the disturbance of the very preterm infant,
all later procedures, e.g. insertion of umbilical lines,
should be done without moving the infant from the
incubator.

It is of vital importance that adequate equipment
for resuscitation is available in the delivery room or
operating theatre. For this purpose, mobile resuscita-
tion beds are very useful. Modern pulse oximeters can
give correct values for oxygen saturation and heart
rate within a few minutes after birth,?' and it is no
longer acceptable to rely on intermittent heart rate
auscultation and visual assessment of skin color. The
pulse oximeter probe should preferably be placed on
the right hand to assess preductal saturation.?” The
more common placement on one foot may result in
lower readings early in life, with a risk of unnecessary
oxygen treatment. Although current guidelines still
recommend that 100% oxygen should be used for
resuscitation,?® there is increasing evidence suggest-
ing that lower oxygen exposure is beneficial for new-
born infants.?**® Healthy, full-term infants are not
expected to reach preductal oxygen saturation above
90% until 10 min after birth,?® and there is no reason
to strive for higher levels in premature infants. The
resuscitation bed must be equipped with an inspired
gas blender for precise oxygen administration.?* If
oxygen saturation rises above 93%, oxygen supply
should be rapidly reduced or discontinued.*®

The initial ventilatory management of the very
preterm infant is currently much debated.*” In general,
previous studies recommended that premature infants
should be intubated and given prophylactic surfactant
early after birth, but it has been questioned whether
this is applicable to current babies.”® These babies are
often more immature, but may paradoxically both
have an accelerated lung maturation at birth and have
a highly vulnerable lung with a disposition to develop
BPD.? Animal studies indicate that the immature lung
may be particularly sensitive to ventilation-induced
injury very early after birth,*® and epidemiological
studies imply that an aggressive initial respiratory
management, including early intubation and surfac-
tant, may be associated with an increased risk of
BPD.?" In many centers, there is now a trend against
routine delivery room intubation in favor of early
application of continuous positive airway pressure
(CPAP).** A recent trial showed that delivery room
intubation could be avoided in 53% of infants born at
24-25 weeks’ gestation.*® Another approach, aiming to
avoid mechanical ventilation early in life, is to per-
form endotracheal intubation immediately after birth
and give prophylactic surfactant, followed by rapid

extubation to nasal CPAP. However, preliminary
results from one study showed that in infants born at
27—-29 weeks’ gestation there was no added benefit
from prophylactic surfactant when early CPAP was
used.®* It is not known if the same is true also for more
immature infants. Ongoing multicenter trials on deliv-
ery room management of preterm infants may provide
new evidence on treatment strategies.?’

Although the preterm infant may appear severely
depressed at birth, immediate intubation is usually
not indicated. Even if a prophylactic surfactant strat-
egy is chosen, there is no proven benefit from giving
surfactant before the first breath.?® Bag-and-mask ven-
tilation of preterm infants may be difficult, and gas
exchange will probably be very inefficient unless the
baby contributes by making gasps.®® Even so, the vast
majority of small infants will respond to bag-and-
mask ventilation with a rapid increase in heart rate.
Once the baby starts breathing spontaneously, its
efforts can be supported if adequate equipment is
available. Unfortunately, the commonly used self-
inflating resuscitation bags have severe limitations.*”
The oxygen supply is difficult to regulate, and the
bags have a poorly working pressure limitation.
Consequently, high pressures (> 40 cm H,O) are easily
generated, especially at high ventilatory rates. Tidal
volumes are unknown and can potentially become
very large. Moreover, there is usually no way of
obtaining CPAP or positive end-expiratory pressure
(PEEP), and therefore no way to effectively support
the baby’s spontaneous breathing.

The Neopuff® Infant Resuscitator (Fisher & Paykel,
Auckland, New Zealand) is a commonly used T-piece
system with adjustable PEEP and peak pressure that
can be attached to a face mask or an endotracheal
tube. It can easily be used to apply nasal or face mask
CPAP immediately after birth (see Figure 6.1). It has
been suggested that a relatively high distending pres-
sure (up to 8cm H,O) should be used in this situa-
tion.*” If the baby responds well, CPAP with the same
device can be continued during transportation to the
NICU. In an experimental setting, the Neopuff® device
produced reliable and reproducible peak inspiratory
pressures and PEEP.***? However, there are at present
no published clinical trials evaluating this method
against other systems.

At all very preterm deliveries, surfactant should be
immediately available. According to Scandinavian
tradition, infants are not intubated for the sole pur-
pose of giving surfactant. However, if the very preterm
infant needs intubation for resuscitation, surfactant
should be given as soon as the endotracheal tube is
presumed to be in a correct position. Many infants
respond rapidly and may soon be breathing room air
on endotracheal tube CPAP, in which case early extu-
bation can be considered.

Even if the infant is intubated and surfactant is
administered in the delivery room, there is usually
sufficient time to allow the parents to see their baby
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Figure 6.1

Immediate care after delivery. This vigorous and
spontaneously breathing infant is just about to be assisted with
face mask CPAP by the Neopuff®. An oxygen saturation probe is
applied to the right foot. Photograph courtesy of Mats Blennow.

before transportation to the NICU. The father can usu-
ally take part in this transport, and photographs can
be taken as a first memory. After arrival to the NICU
and within the first hour of life, venous and arterial
catheters are inserted for blood sampling, infusion of
glucose and arterial blood pressure monitoring.

Nutrition

The beneficial effects of early enteral feeding on the
development of the gut of the preterm infant are well
recognized.***! Recent data indicate improved short-
term and long-term outcome in preterm infants fed
human milk as compared to formula-fed infants.****
Enteral feedings with small amounts of human milk
(1-2ml every 3 h) can usually be started within the first
hours of life in very preterm infants.* The primary feed
should be the infant’s own mother’s milk, but until it is
available, heat-treated donor milk is used.

In order to reduce the number of invasive proce-
dures, indwelling central venous catheters (CVCs) for
fluid and drug administration can be used. Although
the risks, e.g. thrombosis, with umbilical venous
catheters are well known, this is for the very preterm
infants an easy and rapid way of gaining venous
access. Before use, the position should always be
checked with x-ray and the catheter should always
allow withdrawal of blood. An umbilical venous
catheter, in correct position with the tip of the
catheter in the inferior vena cava, is suitable for sup-
plementary parenteral nutrition during the first days
of life. Double-lumen catheters are useful, since they
allow a steady infusion in one lumen, while intermit-
tent injections can be given in the other lumen with-
out the need for additional peripheral intravenous
lines during the first days. After 3—4 days the umbili-
cal venous catheter can be replaced by a peripherally
inserted central venous catheter (PICC). When the tip

of a PICC is optimally located in the upper vena cava
(as checked by x-ray) it can often be used also for
blood sampling.*°

Initially, an infusion of glucose is given and replaced
as soon as possible by a glucose—amino acid solution,
providing glucose at a rate of 4-6 mg/kg/min.*” Before
the third day of life, there is usually no need to add
electrolytes except calcium. To reduce the risk of
hyperchloremic metabolic acidosis, sodium acetate
should be used instead of sodium chloride in the
intravenous solutions. Providing adequate nutrition
and sufficient caloric intake is a problem during the
first week of life in very preterm infants.*” For this
reason, intravenous lipids should be started in the
first or second day of life, with close supervision of
serum triglycerides. A multivitamin preparation is
included in the lipid solution to reduce the risk of
peroxidation. The initial daily dose of lipids is usually
0.5 g/kg, which, if tolerated without hyperlipidemia,
is increased stepwise to 2 g/kg during the first week of
life, and only rarely increased to 3 g/kg.*®

The enteral milk feedings are gradually increased
on a day-to-day basis. When the very preterm infant
can tolerate 75—80% of the total volume intake by the
enteral route, i.e. 130-160ml/kg of a total daily vol-
ume intake of 170-200ml/kg, the supplementary par-
enteral nutrition can be omitted. The infant’s own
mother’s milk is the preferred source of the enteral
nutrition. All mothers should be encouraged to
express their milk during the preterm period and to
breast-feed their infants after discharge from the
neonatal unit. If the mother cannot supply her infant
with milk, pasteurized banked donor milk is used, or
a preterm formula. Administered human milk can be
analyzed for macronutrient content (protein and
energy)**®® and thus the fortification can be individu-
ally planned, aiming at a daily protein and energy
intake of 3.5 (to 4.0)g/kg and 120kcal/kg, respec-
tively. Higher energy intakes are often required in
infants with BPD. Weekly biochemical monitoring of
protein status should be performed in the very
preterm infants by, for example, measuring serum
levels of urea and transthyretin (prealbumin).®!
Calcium and particularly phosphorus supplementa-
tion is needed for adequate bone mineralization in
human milk-fed infants.**

Clinical monitoring

Respiratory and hemodynamic instability is common
in very preterm infants. Close surveillance is essen-
tial, both during the early acute phase, characterized
by postnatal adaptation and respiratory distress, and
during the later stages when nosocomial infections
and recurrent apneas are common. Initial clinical
signs of infection may be subtle, but often precede
deterioration in vital parameters. The clinical moni-
toring includes regular observations of vitality, color,
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heart rate, respiration, body temperature, bowel
movements, and diuresis.

Fluid and electrolyte balance are closely related to
evaporation and heat loss from the immature skin.’?
The insensible water loss from the immature skin is
highest during the first 2 days of life, and then
decreases during the first week.”® The skin of the most
immature infants sometimes becomes dry and cracked
during the first week of life. Various methods for pre-
venting this, e.g. by applying prophylactic ointment,
have been evaluated, but have shown that this strat-
egy may be associated with an increased risk of noso-
comial sepsis.’* Double-walled incubators with a high
humidity, starting at 80%, should be used in these
infants to diminish the inevitable water losses (see
Figure 6.2). The daily fluid requirements average
85-100ml/kg. However, the most immature infants
may require more during the first days of life. Serum
levels of electrolytes (sodium, potassium, and ionized
calcium) should be measured and monitored daily
during the initial course. Hypocalcemia can usually
be corrected by i.v. administration of calcium, either
as bolus or added to the intravenous infusion. Hyper-
natremia (serum sodium above 150 mmol/l) is usually
caused by too low fluid intakes, or by too large insen-
sible water loss, or by adding sodium too early to
intravenous infusions. Non-oliguric hyperkalemia
sometimes occurs during the first days of life in the
most immature infants and does not seem to be
related to kidney function.” Kidney function is diffi-
cult to evaluate in the very preterm infants during the
first days of life. The serum creatinine levels are often
affected by the maternal creatinine level, although
very high serum creatinine and urea levels, and olig-
uria may be seen in infants with poor kidney func-
tion. Urinary output mainly reflects the fluid balance
and is also a sign that the arterial blood pressure is
sufficient. A diuresis of 1-2ml/kg/h after 24 h of age
is usually adequate. Blood transfusions are often
needed in the initial care of very preterm infants. In
many hospitals, diuretics are given routinely after
blood transfusions. This strategy has no support by
controlled studies, and the frequent use of diuretics
may increase the risk of nephrocalcinosis.”® Blood
and urinary glucose levels should be checked regu-
larly, particularly during the first weeks of life, in
order to avoid both hypoglycemia and hyperglycemia.
Almost all very preterm infants need phototherapy for
hyperbilirubinemia, and initially serum bilirubin
should be checked daily.”” In computerized clinical
information systems, algorithms for insensible water
loss can be included providing continuous water bal-
ance monitoring. Thus, dehydration and hyperna-
tremia can be avoided. Continuous glucose infusion,
without interruption, is important for stable blood
glucose values. The most immature infants may need
insulin infusion for adequate glucose intake.

Continuous monitoring of vital parameters is nec-
essary in the care of very preterm infants. These

Figure 6.2 Double-walled incubators are used for optimal
thermal management of very preterm infants. When the infants
are stable an incubator cover can be used in order to reduce
noise and light.

infants often need monitoring of electrocardiogram or
heart rate, respiration, and oxygen saturation at least
until they have reached 32—-33 weeks’ gestation. In the
initial phase, blood pressure is preferably monitored
through an indwelling umbilical or peripheral artery
catheter, since non-invasive blood pressure moni-
toring is less reliable. Continuous transcutaneous
measurement of blood gases, i.e. partial pressures of
oxygen and carbon dioxide, is often very useful,
although the fragile skin during the first days of life
sometimes limits the time in which electrodes can be
applied. Transcutaneous monitoring of PCO, levels
can reduce the need for blood gas samples and give
early indications of hypocarbia, which indicates that
ventilator settings should be promptly reduced.
Monitoring PCO, is important, since low PaCO, values
are associated with decreased cerebral blood flow and
development of periventricular leucomalacia, and also
with the development of BPD.?® Continuous monitor-
ing of oxygen saturation is a standard procedure in all
NICU’s, and most units have guidelines for oxygen
saturation limits in very preterm infants, often with a
wide range between 85% and 95%. However, more
research is needed in order to obtain evidence on
whether the lower or the higher values of this range
would be preferable.®® High or unstable oxygen satu-
ration is a risk factor for retinopathy of prematurity
(ROP), and very preterm infants should be regularly
examined by ophthalmologists from around 32 weeks’
gestation until full term for early detection and
treatment of ROP. Continuous monitoring of electro-
cortical activity with amplitude-integrated electro-
encephalography (aEEG), a simplified method utilizing
one or two channels of filtered and time-compressed
EEG, is increasingly being used in neonatal units. The
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method shows changes over time in cerebroelectrical
background activity and can be used also in preterm
infants. Degree of electrocortical background depres-
sion in aEEG activity shows good correlation with
grade of IVH and outcome.®**2 The method also reveals
subclinical seizure activity. Normal data for very
preterm infants have been published recently.®?

Infections

Perinatal infections (bacterial vaginosis, premature
rupture of membranes, and chorioamnionitis) are
important causes of very preterm birth. In contrast,
early-onset bacterial infections (positive culture
before 72h age) in the offspring are uncommon, and
blood cultures drawn at the time of arterial line inser-
tion are usually negative. Increasing use of antibiotics
before and during labor has led to a substantial
decrease in early group B streptococcal infections, but
simultaneously there has been an increase in preva-
lence of Escherichia coli sepsis.®® These infections
may have a rapidly progressive course with severe
hypoxic respiratory failure and early demise.
Late-onset nosocomial bloodstream infections are
much more common, occurring in between 10% and
30% of very low-birth-weight infants (VLBWI).*® They
are usually less severe than early infections, but are
still associated with a significant morbidity. Coagulase-
negative staphylococci (CoNS) are by far the most
common pathogens, being implicated in around 50%
of the cases.®® CoNS infections often occur at around
10-14 days of age. The source of bacteremia is usually
a CVC that has been colonized with CoNS, either by
skin contamination during insertion or through the
catheter hub during later manipulations.®” Symptoms
are unspecific and include apneas, increased oxygen
requirement, respiratory insufficiency, and, some-
times, also arterial hypotension. Serum level of
C-reactive protein is increased, but this may not be
seen until after 12-24 h. Treatment with vancomycin
is often started when an infection is first suspected,
leading to a substantial overuse of this drug. It is not
known how long one can safely wait before starting
vancomycin treatment,®” but in relatively stable infants
it is usually possible to wait until there is an increase
in serum levels of C-reactive protein. If an adequate
amount of blood (1 ml) is taken for culture, vancomycin
can be discontinued after 48h if blood culture and
ancillary tests are still negative.®” Antibiotic treatment
of CoNS bacteremia is often started without removal
of the CVC, but if the baby has a delayed clinical
response and if bacteremia persists, the line must be
withdrawn.®®®" CoNS bloodstream infections are not
associated with an increased mortality,”® but these
infections often herald the start of a period of clinical
deterioration with a need for mechanical ventilation,
opening of the ductus arteriosus, development of
BPD,”"”# and an increased length-of-stay. There is also

a concern that sepsis increases the likelihood of having
an adverse neurodevelopmental outcome.

Candida infections occur particularly in extremely
preterm infants. Colonization of mucoepithelial sur-
faces with Candida appears to be a prerequisite for
systemic infection,”® and invasive disease usually
results from a colonizing Candida strain, rather than
from some different isolate.”* Colonization is most
often vertical from the mother at birth, usually with
Candida albicans, but horizontal colonization from
care providers in the NICU also occurs, and is thought
to be the primary mode of transmission for Candida
parapsilosis.”* Congenital cutaneous candidiasis is
relatively uncommon, presenting with diffuse skin
rash, in some cases burn-like desquamations, and
sometimes pulmonary involvement in the first days of
life.®”® There is usually no fungemia, but systemic
treatment is definitely indicated in the very preterm
infants. There is an association between the presence
of intrauterine contraceptive devices or cerclage during
pregnancy and congenital candidiasis.

Some very immature infants (mean gestational age
24 weeks) have invasive fungal dermatitis. Erosive
skin lesions with crusting develop during the first
2 weeks of life. Blood culture is often positive, and the
port of entry into the bloodstream is probably through
dermal vessels.”” One outbreak of systemic candidia-
sis was associated with the use of a petrolatum oint-
ment emphasizing the risk that skin care products
may damage the delicate dermal barrier in immature
infants.”® However, the intestinal epithelium is con-
sidered the primary portal of entry for most systemic
Candida infections.”* Such infections often occur in
the second week of life or later, often in the aftermath
of a CoNS infection treated with vancomycin, but
sometimes as the first nosocomial infection in an
extremely preterm infant. Other risk factors are
mechanical ventilation, CVC, and treatment with
broad-spectrum antibiotics, corticosteroids, or H,
blockers. Symptoms are often unspecific. Abdominal
distension and discoloration, and especially sponta-
neous intestinal perforation, should raise suspicion of
invasive candidiasis.”” Though Candida is known to
cause end-organ invasion (meningitis, renal candidia-
sis, endocarditis, and endophthalmitis), this is rarely
evident at the time of first symptoms. Serum level of
C-reactive protein is usually moderately elevated.
Thrombocytopenia is probably more pronounced in
invasive candidiasis than in the other nosocomial
infections.®® The diagnosis of invasive candidiasis is
difficult because blood cultures are often negative, but
other diagnostic tests are currently under evaluation.
Measurement of urinary p-arabinitol/r-arabinitol ratio
may be used in neonates.””’®

CVCs are extremely important in the pathogenesis
of neonatal candidiasis. These catheters are usually
not the primary port of entry, but once in the blood-
stream, Candida organisms can adhere to and even
penetrate into the catheter wall,”® which becomes the
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source of end-organ damage, at the same time making
the organisms inaccessible to antimicrobial drugs. It
has been stated that removal or replacement of the
CVC should be completed within 24 h of notification
of a positive blood culture for Candida.”® A recent
review stated that if a Candida infection is suspected
and the patient is clinically stable and has not had
previous antifungal therapy, fluconazole is a suitable
empiric therapy.”” Amphotericin B should be consid-
ered in severe or life-threatening infections pending
results of cultures.

Infections with Gram-negative bacteria are relatively
uncommon, but often present with a more rapid clinical
deterioration and may be associated with shock, coagu-
lation problems, and increased mortality.®*’° In many
neonatal units, there has recently been a substantial
increase in infection with Enterobacter, usually resist-
ant to cephalosporins®. An empiric antibiotic policy
including ampicillin and cefotaxime was shown to be
associated with an increased prevalence of resistant
Gram-negative bacteria, especially Enterobacter, as
compared with a policy including penicillin and an
aminoglycoside.®” Spread of Enterobacter among
patients is well documented, and outbreaks have been
contained by simple hygienic measures and restrictions
in the use of cephalosporins.®*%

In view of the relative immune deficiency of
premature infants and the necessary invasive care
with multiple broken barriers, a high prevalence of
nosocomial infections may seem inevitable. However,
there is a great variation among centers in the inci-
dence of such infections, which is not explained by
different case mix.% It follows that these infections
should to a large extent be seen as preventable com-
plications of the treatment. A recent survey showed
that the staff of units with a particularly low rate of
nosocomial sepsis tended to see such infections as a
breakdown in care that could have been prevented.®

Hand hygiene is of great importance in preventing
the spread of bacteria and fungi between patients. The
availability of waterless alcohol hand rubs in close
proximity to the incubators makes compliance more
likely. In adult wards, the education of patients about
the importance of hand washing and asking that they
remind their caregivers to wash has been very suc-
cessful,®* and perhaps we should teach the parents of
premature babies to do the same. Good nutrition with
an emphasis on enteral feeding with human milk
probably diminishes the risk of infection. Indwelling
venous catheters and intravenous lipids are important
risk factors for CoNS bloodstream infection. Strategies
for maximal barrier precautions and aseptic tech-
niques during catheter placement are important, as
well as strict guidelines for blood sampling through
catheters and for hub manipulations. The use of
‘antibiotic locks’ to prevent catheter-related blood-
stream infections seems to be a promising technique,
but it remains to be evaluated in clinical trials.®® The
use of fluconazole prophylaxis to prevent neonatal

candidiasis is probably safe and can be considered in
high-risk patients, but larger studies are needed.*

Developmentally supportive care

Behavioral problems, including attention deficit and
hyperactivity disorders, are common among surviving
children who were born very preterm.?”-*® The reasons
for this are not known, but it is believed that environ-
mental influence from the extrauterine environment
negatively affects the development of the immature
central nervous system.?>

One of the most important aspects of the care of
preterm infants is promotion of emotional attachment
between the infant and its parents. Family-focused
neonatal care has been increasingly practiced during
the last two decades. Systematic strategies for this
include free visiting hours and early involvement of
parents in care procedures, e.g. diaper changes and
feeding, creation of good family memories with hand-
and footprints, photographs and diaries, etc. Kangaroo
care promotes attachment between the infant and its
parents, and development of preterm infants.”"%
Kangaroo care can often start during the first week of
life (see Figure 6.3).%

It was previously shown that reduced light, and
day-and-night light promoted sleep in preterm infants,
and this effect persisted several months after dis-
charge.”® Incubator covers are increasingly being used
to reduce light and noise. However, as a single proce-
dure in neonatal care their effect has only been investi-
gated in a few studies. In a small observational study
there were only minor effects on quiet sleep from the
incubator covers in stable preterm infants.”” Neonatal
Individualized Developmental Care and Assessment
Program (NIDCAP) is based on formal observations of
the preterm infants during a care procedure. The obser-
vations are made by medical personnel, often neonatal
nurses, who have received special training in this

Figure 6.3 Kangaroo care of twins. The twin to the left is
treated with nasal CPAP and fed mother’s milk through a
nasogastric tube. Photograph courtesy of Ann-Cathrine Berg.
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Figure 6.4 Giving support to an infant during care procedures
is an important part of developmental care. This infant is
supported by the hand of a parent during endotracheal
suctioning. Photograph courtesy of Ann-Cathrine Berg.

method. Individual recommendations for the nursing
care are made from the results of these observations
(see Figure 6.4). Treatment with NIDCAP is associated
with a shorter need for respiratory support and a
shorter duration of stay in the NICU.?>%” Recently, it
was shown that NIDCAP is associated with structural
changes of the brain, as shown by magnetic resonance
imaging and diffusion tensor imaging techniques, and
with increased neurophysiological maturation, as
shown by EEG.*

Pain and treatment of pain

Pain is defined by the International Association for
the Study of Pain as ‘an unpleasant sensory and emo-
tional experience associated with actual or potential
tissue damage or described in terms of such damage’.?
According to this definition, pain is always a subjective
phenomenon with subjective reporting. Thus, individ-
uals, such as preterm infants, not capable of reporting
pain would not experience it. However, based on
empirical evidence it has been proposed that physio-
logical and behavioral responses are valid indicators
of pain.'®

Whether the fetus feels pain, and if so from which
gestational age, has been a controversial issue. The
thalamo-cortical fibers, which are considered crucial
for nociception, are present between the 20th and
34th week of gestation. The afferent fibers grow into
the cortical plate after the 26th week of gestation, but
already between 20 and 26 weeks synaptic circuits
occur between the subplate and the cortical plate
indicating neuro-anatomical basis for the fetus to feel
pain.’®® Evoked potentials suggest that thalamic
inputs reach the cortex at 29 weeks.'** Pain threshold
is lower in preterm infants than in term infants and
later in life.’® Even in full-term infants the threshold

remains low after injury.'® This suggests that the
exposure to multiple procedures in the neonatal
period increases pain awareness. Newborn infants
undergoing intensive care are subjected to repeated
daily procedures. Very preterm infants are likely to
experience a large number of invasive procedures dur-
ing the neonatal care period.'”'% The most immature
infants may be exposed to several hundreds of poten-
tially painful procedures, including, e.g. blood sam-
pling and endotracheal intubation.'” Neonatal pain
experiences may alter later pain responses in
children.?® The gentle care of very preterm infants also
includes some aspects of standard care procedures,
e.g. painful stimuli from venous or arterial punctures
for blood sampling. Painful stimuli can cause fluctua-
tion in arterial blood pressure, which may affect cere-
bral blood flow. This could contribute to cerebral
hemorrhages or ischemia.’®” However, it has also been
shown that blood sampling from umbilical artery
catheters can affect cerebral blood volume in preterm
infants. This can be avoided by very slow withdrawal
of blood from the catheter.'® Other care procedures
associated with changes in cerebral blood volume in
very preterm infants include endotracheal suctioning
and surfactant administration (Figure 6.4).'9%10
Because of the many procedures and long-lasting
mechanical ventilation, routine opioid infusion or
bolus injections were introduced during the early
1990s in many NICUs for pain relief during the first
day(s) of life to preterm infants undergoing assisted
ventilation and repeated procedures. Several behav-
ioral pain scales have been developed for preterm
infants, but are, however, not widely used in clinical
routine.”’™ In order to administer optimal analge-
sia, repeated assessments using pain scales are
recommended.

Controversies still exist regarding the severity of
pain and the need for pain relief for preterm infants
undergoing intensive care. With the development of
synchronized ventilation, preference of nasal CPAP,
and indwelling lines to minimize procedures, the lib-
eral use of opioids has recently been questioned. In the
NEOPAIN study'"® infants were randomized to receive
either morphine or placebo infusion. The results
showed that opioid-treated infants did not have a more
beneficial outcome than infants in the placebo group
and in some cases they even had a worse outcome.
Referring to this study, the goal would be a priori to
reduce the amount of distress and pain by the use of
non-pharmacological means, including individualized
care. Only when obvious pain is present, such as pro-
cedural or postoperative pain, a routine administra-
tion would be advisable. Otherwise, the use of
potentially hazardous analgesics should only be given
if a pain scale assessment or behavioral observations
indicate the presence of distress and pain despite non-
pharmacological intervention to minimize it. This
approach would produce a more focused pain treat-
ment, probably with fewer side effects.
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Ethical aspects

During the last 20 years there has been a growing con-
cern about the ethical issues surrounding the most
preterm infants who are at the limits of viability and
intact survival. The majority of deaths, around 80%, in
very premature infants occur in the first 3 days of life
in spite of full intensive care."'* Neonatologists caring
for these infants need to address the question whether
to continue care or to withdraw ongoing intensive
care. Such discussion may arise when the patient
suffers from severe brain or pulmonary injury and the
chance of survival is low and the possibility of healthy
survival is extremely low.' The first principle of
treatment is always to act in the best interest of the
patient and the family according to the Hippocratic
rules, i.e. never to hurt or harm, if possible to relieve,
sometimes to cure, and always to console.

When evaluating the question on withdrawal of
intensive care, the situation should be analyzed using
the traditional ethical principles of (1) benefit, (2) harm,
(3) autonomy, and (4) justice. This analysis should be
performed in a two-dimensional model taking into
account the different interest groups, i.e. the infant,
parents, caretakers, and even society.''®

For the evaluation, a summary of all medical facts
is needed, from which an estimated probable progno-
sis is derived. Sometimes, the decision is not difficult
or controversial, such as in babies with Potter syndrome
(absence of kidneys) or hydranencephaly. However,
when outcome is not inevitably fatal or the interest of
the parents and the infants diverge, the decision mak-
ing needs a thorough discussion. In these instances,
non-medical factors, such as social or economical fac-
tors, may influence the decision. A decision to with-
draw treatment should always be taken by a senior
consultant, and usually by a team of them, after care-
ful discussions with all involved staff. The medical
course and prognosis should be carefully and repeat-
edly explained to the parents, and their opinion
should be taken into consideration. If parents cannot
accept the recommendation to withdraw treatment,
the discussions should be repeated. A special situa-
tion is prolonged delivery-room resuscitation of
extremely premature infants at the limits of viability,
where urgent decisions usually are needed in the
interest of the infant. On such occasions, thorough
discussion with the parents before delivery is of the
greatest importance for the decision making.'”

There is usually time to arrange for death to be
filled with dignity also for the most immature infants.
Good psychological care of the parents is essential,
since they will continue to live with strong and sad
memories of this time. A professional, warm, and
empathic care by experienced staff will assist them in
this difficult situation. The parents’ wishes regarding
social or cultural ceremonies, e.g. baptism, or for
information to or presence of relatives or friends
should be fulfilled. Rituals connected to death are

important for coping with the loss and sorrow after
the death. The terminal care of the dying baby should
be carefully planned and performed, including suffi-
cient sedation and analgesia, in order to prevent fur-
ther suffering. A dying infant should be cared for in a
single room together with the parents. One or two
experienced staff members should participate and
assist the parents in this situation.

The outcome of very preterm infants

The outcome of very preterm infants has significantly
improved during the last two decades, and especially of
those with a gestational age below 28 weeks."'®'"? Most
follow-up studies of preterm cohorts are defined by
birth weight, either including extremely low-birth-
weight infants <1000g or VLBWI < 1500g. The mor-
tality rate is correlated to immaturity: the more preterm
the infant, the higher the mortality.” The limit of viabil-
ity seems to be about 23 weeks of gestation, since sur-
vival after 22 weeks of gestation is very rare, but after 23
weeks, about 10% according to regionalized long-term
follow-up studies from the postsurfactant era, i.e. from
the 1990s.12°7'22 In a national cohort, the stillborn rate
was 60% in infants delivered after 22 gestational weeks,
35% after 23 weeks, and 25% after 24 weeks,” suggest-
ing that there may be a less active care during birth in
the very immature infants resulting in intrapartal death
or classification as dead if there is bradycardia at birth.
In this cohort, the long-term survival of live-born infants
born after 24 weeks of gestation was 40%, but less than
one-half of them were classified as completely normally
developed at 1.5 years of age.'*°

Despite increasing survival, the rate of neurodevelop-
mental impairment has remained similar, which results
in an increased absolute number of infants with abnor-
malities."**'** Severe handicaps, such as cerebral palsy,
deafness, blindness, and mental retardation, have in
recent studies been reported to occur in 15-25%."'%!*
Even more common are cognitive dysfunction and
learning disabilities. In a large VLBWI birth cohort
study in The Netherlands, assessment at the age of
9 years showed that 56% of children in mainstream
education needed special assistance at school or were
below the age-appropriate level.'*® Similar results have
been reported from other countries.'** Most of the learn-
ing difficulties seem to be related to low overall 1Q.%

Several perinatal risk factors have been associated
with poor school performance, such as low-birth weight,
need for assisted ventilation, and IVH.'?® Intrauterine
growth restriction in preterm infants is associated
with increased morbidity, and low postnatal growth,
resulting in smaller size at school age and poorer
school performance as compared to appropriately
grown siblings.'*® The high incidence of sequelae in
very preterm infants warrants long-term follow-up of
regional cohorts for quality control of the demanding
perinatal care and long-lasting neonatal intensive care.
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Can we establish a universal
lower limit of viability? What
are the medical and ethical
implications?

M. R. G. Carrapato

Introduction

Over the last few decades, perinatal mortality has been
greatly reduced and in most Western countries now
stands in single figures, albeit with many geographical
asymmetries. The overall good results achieved are pri-
marily the consequence of National Health Policies
toward rationalization of human and financial resources
with modern technology playing a subsidiary role in the
high-risk pregnancy and neonate. The development of
neonatal intensive care has been shown to be effective in
the survival of preterm infants without a significant
increase in later morbidity, at least for the larger, more
mature neonates.

The World Health Organization places 22 weeks of
gestational age or 500g birth weight as the lower
limit, at least for the purpose of perinatal statistics,
and the International Classification of Diseases
describes the perinatal period as starting at 22 com-
pleted weeks. The European Association of Perinatal
Medicine (EAPM) defines the perinatal period as that
which starts ‘from 22 completed weeks (154 days)
gestation and ends 7 complete days after birth’," which
implies that the lower limit of viability stands at
22 weeks of gestation. The question, with all its med-
ical, legal, social and financial implications, is how
close are we, as a whole, in this pursuit?

Lower limit of viability —
fact or not quite?

Biological survival will depend on not just the pres-
ence of a given organ but on its functional maturation,
a sequential evolution often referred to as the ‘devel-
opmental windows’. Alveolarization, essential for

survival, is a process that includes anatomical, phys-
iological and biochemical differentiation starting
from about 24 weeks’ gestation, progressing until
term and continuing throughout the postnatal period
and childhood. ‘Viability’, therefore, would be around
24 weeks. To lower this limit, strategies ranging from
antenatal steroids, postnatal surfactant and different
ventilatory modes have been attempted with some
success, but as an example, after 30 years of clinical
practice, antenatal steroids show quite disappointing
results at below 24 weeks’ gestation®® and they might
also delay and alter postnatal alveolarization.*®
Nevertheless, in recent years increased survival of
very immature infants has been reported ranging,
from 2% to 35% at 23 weeks and in some perinatal
centers in the USA these figures approach 50%
among live-born infants, between 17% and 58% at
24 weeks and vary from 35% to 85% at 25 weeks.”™*'

Survival and outcome data on extremely preterm
infants, between 22 and 26 weeks, has been widely
reported and reviewed.”'%"1#15718:22.23 Allen et al., in a
retrospective study of infants born between 22 and
25 weeks, showed that mortality at 6 months’ corrected
age was 75% for neonates born at less than 24 weeks’
gestation, with no survivors at 22 weeks while at
25 completed weeks, survival was in the region of
80%.%* Hack and Fanaroff and Kilpatrick et al. showed
similar survival rates of around 40% and 80%, respec-
tively for 24 and 26 weeks’ gestational age, especially
after the introduction of steroids and surfactant.'**®
Cooke has reported an increasing survival rate of
extremely preterm infants from the early 1980s to
the 1990s: in the early period, from 1982 to 1985,
there were no survivors at 23 weeks’ gestational age
while in the later part of the study, between 1990 and
1993, 35% of these infants survived to discharge.’”
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Tin et al., in a prospective, population-based regional
survey, also showed that the survival of very imma-
ture infants has improved progressively since the
early 1980s, particularly after the introduction of
surfactant in clinical practice, although the impact of
surfactant was only evident in those babies of 25 or
more gestational weeks.? A national population-based
study carried out in the UK and Ireland in the mid-
1990s, of all infants born between 22 and 25 weeks
of gestation, revealed two survivors to discharge at
22 weeks, with increasing survival rates from 11% at
23 weeks to 44% at 25 weeks.'” However, in the last
decade, survival among live births even at 22 weeks
has been reported as being from 14% to 19%.**° In a
survey of 21 European countries registered with the
EAPM, representing a wide spectrum of different regions
from Scandanavia to southern, central and eastern
European countries, the mortality rate for infants
weighing between 500 and 749g at birth stood at
54.4% but showed very wide variations within coun-
tries, approaching a 90% mortality rate in the less
affluent countries as opposed to 26% in the more
developed regions.?” It is quite obvious from the find-
ings of this survey that obstetric and neonatal prac-
tices, as well as available resources and facilities, play
a major role in the survival of these very immature
infants, but, both human and financial resources
apart, why should there be such a discrepancy in
reported survival rates at the threshold of viability?

There can be several reasons and explanations.
First of all, many of the earlier studies referred to birth
weight rather than to gestational age and therefore
included more mature babies who were growth
retarded [although babies of the same gestational age
with intrauterine growth retardation (IUGR) usually
have a poor prognosis].?***=*! Then, again, with some
of the earlier reports referring to gestational age, how
accurate was dating based on menstrual estimates in
the absence of scanning in early pregnancy? Even in
recent data, gestational age is often inferred from the
first day of the last menstrual period with scanning
only prevailing if it differs more than 2 weeks from
the menstrual dates.**-*® At this ‘threshold for viability’,
a few days or a couple of hundred grams will make all
the difference when reporting survival rates. On the
other hand, many studies are regional/population
based,”*'%17:3536 yhile others refer either to individual
perinatal tertiary centers with very few numbers as
a whole or to multicenter collaborative stud-
ieg!® 192333343741 with quite different outcomes. Some
studies refer to the outcome of pregnancy from the
beginning of labor, including still and live births; oth-
ers include only live births, while others only survival
rates for infants admitted to the neonatal intensive
care units. This selection bias may overestimate
survival rates by as much as 100% at 23 weeks and
even up to 50% at 24 weeks.*

From our own experience involving 20 perinatal
units, 70% of all pregnancies of less then 25 weeks

gestational age at the onset of labour ended in fetal
death, with no live births at 22 weeks. Amongst live
births, at 23 weeks we report only the anedoctal case,
but at 24/25 weeks there was, on average, an overall
survival of 46% at discharge, albeit with some
interunit variation (MOSAIC Study, Portuguese
Northern Region, 2003: prospective study of pregnan-
cies betwen 22 and less then 32 weeks gestation).
Over an eight year period from 1996-2003, similar
results are reported in Portugal for live births from
unselected populational studies, with 8% survival at
23 weeks, 34.6% at 24 weeks and 49.3% at 25 weeks
(Portuguese National VLBW Register). At 26 weeks
both Portuguese Mosaic and the VLBW Register show
figures in the order of 64-67% survival to discharge.

Also, in some perinatal centers, both obstetricians and
neonatologists may invest aggressively at these lower
gestational ages while in others, no active manage-
ment will be contemplated because both the fetuses and
the babies are considered non-viable or because of the
very poor overall outcome in the event of survival.**~*
Whether the mode of delivery at this very low gesta-
tional age will make any appreciable difference to sur-
vival is very debatable and cesarean section has not
been proved to be better.***”*%3 Indeed, the increasing
morbidity for the mother and the future consequences
of a vertical incision at this stage of pregnancy should
perhaps preclude a cesarean in favor of a vaginal deliv-
ery, at least for fetal reasons. Further to all the aforemen-
tioned explanations for such discrepancies in survival
reporting, other confounding data related to pregnancy
will also influence survival, and therefore the outcome,
namely, IUGR, pre-eclampsia, PPRM/oligohydramnios,
antepartum hemorrhage, infection chorioamnionitis,
etc.'924495455 Gender and ethnicity, especially, meet with
conflicting results at these very low gestational ages.’*®°

What is the outcome for
the survivors?

Survival is not (and should not be) the only goal in
perinatal medicine when attempting to establish a
‘lower limit of viability’. Outcome and quality of life
should, at the beginning of a new century, be a major
priority. Although several follow-up studies on these
very immature babies have shown that increasing sur-
vival has not been mirrored by an increase in cerebral
palsy (CP), the fact is that a proportionally higher
number of infants are now survivors of very low ges-
tational age and birth weight. Furthermore, the major
neuromotor, psychomotor, neurosensory and cognitive
disfunctions are found especially in the most imma-
ture infants, below 25 gestational weeks.'*'*'7 Qver a
period of 12 years, between 1983 and 1984, in the
north of England, although the survival rate at gesta-
tional age greater than 24 weeks had improved (while
at gestational age below 24 weeks the overall survivor
rate remained unchanged at 4%), the proportion of
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survivors with severe disability remained unaltered at
around 25%, with 10% being so profoundly disabled
as to have to live a completely dependent life.” From
the results of the European survey, based either on
regional or on national data, it was also shown that
chronic lung disease ranged from 16.7% to 60% at 36
weeks’ corrected age, retinopathy of prematurity
(ROP) from 5.5% to 40%, intraventricular hemorrhage
Grade III from 15% to 35%, necrotizing enterocolitis
from 3% to 23% and nosocomial infection from 23%
to 50%. All these complications were common to
all countries and were directly related to either the
degree of prematurity or the survival rate, being espe-
cially prevalent at 26 weeks’ gestation or less. As
expected, the picture was somewhat reversed, the
countries with the better survival rates showing a
higher incidence of sequelae, especially in visual
impairment and chronic lung disease. At the time of
the survey in 1998, almost everyone in Europe was
using antenatal steroids, particularly between 26 and
32 weeks’ gestation, and postnatal surfactant, either
prophylactically or as a rescue. In those days there
were no criteria for the use of postnatal steroids.
Seven countries out of 21 would never use them
while, of the remaining 14, 6 would apply them early
— mostly systemically, with the remainder only con-
templating their use late in the course of respiratory
distress syndrome (RDS), if ventilatory dependent.?’
[These figures might be somewhat distorted and not
reflect usual medical practice in Europe since some
neonatal units were, at the time, enrolled in a con-
trolled trial of postnatal steroid studies — an open
study of early corticosteroid treatment (OSECT).]

On this basis, it could be argued that as recently as
the last decade, these very immature infants were
receiving quite different treatment across the globe —
even from center to center within the same area.
However, Vohr et al., reporting on the long-term out-
come of a collaborative study of babies on the thresh-
old of viability in the 1990s in the USA, and Wood
et al., from a population-based cohort in the UK and
Ireland, reporting on behalf of the EPICure study
group, both showed that of the surviving children with
birth weights less than 750 g or gestational ages below
25 weeks, between 30% and 50% had moderate or
severe neuromotor or neurosensorial disabilities and
very often had multiple handicaps.'”®" In a review of
the world literature, Hack and Fanaroff estimated that
of the survivors of 23 weeks’ gestation, over a third had
a severe disability from CP to blindness and/or deaf-
ness with subnormal cognitive function. At 24 weeks’
gestation, the range of severe disability was from 22%
to 45% and at 25 weeks, from 12% to 35% and, in gen-
eral, these rates overlapped those of children born
before the 1990s.%*

It is quite plausible that some of the adverse out-
comes in survivors at these low gestational ages may
not be just the direct effect of prematurity and/or low-
birth weight per se but also the result of the hostile

intrauterine milieu leading to preterm delivery from
inflammatory mediators, to IUGR, hypoxic-ischemic
insults, metabolic imbalances, etc. These would perhaps
explain the somewhat better, and paradoxical, reported
outcome of multiple pregnancies at these very low ges-
tational ages in contrast to the general outcome of
multiples at the later stages of pregnancy, presumably
because the reasons for preterm delivery would rest
with multiplicity alone, in the absence of the adverse
factors for singletons’ preterm deliveries.®

Postnatal events, from nosocomial infection to
anemia and hemodynamic instability, metabolic
derangements of hyper/hypoglycemia and electrolytic
disturbances, etc. may also play an adjuvant role in
the overall picture of survival with multiple handi-
caps. But one area in particular should call for special
caution: the possible role of iacterogenically induced
disability. Many of these tiny babies are, from the
very beginning, often subjected to a whole panoply
of maneuvers and medications known to alter hemo-
dynamics, blood flow and perfusion, from xantines
to NSAIDs, namely, indometacin, diuretics, volume
expanders, antimicrobials with known toxic side
effects, paralyzing agents and sedatives, etc. In recent
years, two ‘old’ tools in perinatal care have been sub-
mitted to re-evaluation and reappraisal, with growing
concern as to their use and misuse.

Antenatal corticosteroids (ANC) have been shown
to be associated with a significant reduction of RDS,
neonatal death and intra/periventricular hemor-
rhage®% with a possible synergistic effect with post-
natal surfactant therapy.®® A single course of ANC
results in benefits without significant adverse effects,
with long-term follow-up studies up to adulthood
showing no adverse neurological or cognitive out-
come.?” Betamethasone has shown a reduced risk of
cystic periventricular leukomalacia, and therefore has
become the recommended steroid for enhanced lung
maturation.®® The available evidence of ANC in mul-
tiple pregnancies is somewhat conflicting regarding
both use and outcome,® while its use in diabetic preg-
nancies is also controversial for the reduction of RDS,
as the adverse steroid-induced hyperglycemia on fetal
lung maturation may offset any beneficial effects.”®

From animal data and observational human studies,
there is increasing concern that repeated courses of
ANC may lead to immediate and long-term harmful
effects on growth, delay in lung and brain develop-
ment,”' 7% and at present, only a single course is advo-
cated with subsequent courses reserved for randomized
control trials.”” How much the widespread use of
repeated courses of steroids in the 1990s may be playing
a subsidiary role in the adverse outcome of some of
these tiny survivors, in addition to prematurity and low-
birth weight, remains an open question.

Postnatal steroids have been shown to promote
early extubation in ventilatory-dependent extremely
low-birth-weight infants but randomized control stud-
ies failed to demonstrate any significant reduction in
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death rates or in the development of chronic lung
disease.”®’® Furthermore, in addition to the immediate
effects of hyperglycemia, hypertension, gastrointestinal
tract bleeding and perfuration, there is growing con-
cern that postnatal steroids may also be responsible for
adverse outcome on growth, CP and neurosensory
impairment.”®®® For these reasons, at the present time,
postnatal steroids should only be considered for the
extubation of ventilatory-dependent babies and only
upon informed consent of the parents.

More than 60 years after the initial report of retinal
blindness in preterm babies subjected to excess O,
supplementation, a high proportion of these tiny
babies still survive these days with more or less severe
ROP. The ‘optimal’ level (and ‘correct’ monitoring) for
O, supplementation remains as yet unknown. A few
years ago an observational study of the case notes of
surviving infants delivered before 28 weeks’ gestation
showed a significant decrease of ROP (6% vs. 27.2%)
if they were maintained at SaO, levels between 70%
and 90%. Furthermore, it was also shown that there
was much less time on ventilation, less oxygen
dependency at 36 weeks’ corrected age, a better weight
gain and, especially, no increase in mortality or CP.*
Not surprisingly, this publication caused considerable
polemic® and ongoing debate.?*® Understandably,
Sa0, monitoring has become common practice in
most neonatal intensive care units with considerable
benefit, i.e. comfort, over repeated arterial punctures
and complications from invasive procedures. However,
there is very little correlation between PaO, and SaO,
levels, both below 84% and above 94% for SaO, to
keep an ideal PaO, level between 50 and 70 mmHg.*
Also, SaO, monitoring is dependent on the methodol-
ogy used'®'! and other variables will have to be con-
sidered, namely, hemoglobin levels and associated
medications that may interfere with cerebral and reti-
nal blood flow and perfusion and not just SaO,/Pa0,
levels. Nevertheless, ROP is a significant handicap,
especially at the lower limit of viability, and caution
should be used in reappraising the ‘physiological’ sat-
urations inferred from the more mature infants and
extrapolated to these extremely preterm babies, espe-
cially in the first few days of life.

Over and above the immediate and short-term
sequelae, how do these tiny survivors perform at a later
stage? The available long-term evidence — school age
and above — generally shows that besides neuromotor
and neurosensorial impairments, a high proportion of
these children reveal significant learning difficulties
and behavioral and educational problems, only adding
further to the burden and placing an enormous respon-
sibility on society as a whole, particularly for the allo-
cation of financial and human resources to provide the
necessary collateral help.'”'%® Furthermore, these
children will grow to adulthood into a competitive
world of ‘perfection’. How sensitive are we to handle
their multitude of needs and how prepared are we to
integrate them into society with fairness and equity?

What are the ethical implications?

Ethics, the study of ideal conduct, classed as a branch
of philosophy,'” should be above cultural barriers, be
universal and center upon respect for mankind: easily
said, often not practiced. Deontology, the science of
duty, the branch of knowledge that deals with moral
obligations,'"? the science of professional duties and
etiquette,'"" is often referred to as being synonymous
with ethics. Laws vary from country to country and
sometimes between states within the same country.

It would thus appear to be quite unrealistic to argue
the attainability of a common denominator derived
from such widespread philosophical, religious and
moral views, to frame it within the various legal
requirements, to dictate the codes of rules and to
expect it to be internationally accepted, yet that is the
essence of ethics.

In perinatal medicine, the overall ethical principles
of autonomy, beneficence and non-maleficence are
even more difficult to apply than in most branches of
medicine due to the often conflicting interests of the
mother (and partner) and the fetus. The fetus, regard-
less of its semantic definitions, its rights, its inde-
pendent moral status and so forth'*'*® is an entity
representing human life. The question is, of course,
when does human life begin from the biological,
moral, religious, legal and social perspectives?
Perhaps the concept of ‘a fetus as a patient, if not a
person’, might be the pragmatic answer, at least, for
the immediate implications of medical and ethical
decisions.""*'"® For similar reasons we approach the
subject of neonatal ethics from a practicing angle,
focusing on medical management and decisions at the
threshold of viability. Far from guidelines, these
thoughts, hopefully unbiased, express our concern
and independent views on the complexities of uni-
versal medical ethics.

Reports in the past 10 years of survival at 22 weeks’
gestation®*?° and less than 400 g birth weight''® have
led to a change in legislation’’” and to a redefinition
of the perinatal period,' and the aim for the survival
of the most immature of babies became only natural
and pressing. Accepting the (theoretical) concept of
22 weeks’ gestation as the lower limit of viability,
what then is the evidence to support this claim and
what is the outcome? The answer to the first question
is the proverbial case that confirms the exception, and
as for the quality of survival, none of the reported sur-
vivors was free from neurological sequelae.?*2%117118

And what about at 23 weeks (or 23 weeks and a
couple of days)? From here on it is an open game and
the stakes are high, with survival rates from 2% to
35% at 23 weeks to 35% to 85% at 25 weeks.”'*"* It
is quite clear that there are enormous geographical
asymmetries even within countries with similar
demographies, and it is thus not surprising that some
countries will place their lower limit of viability at
24-25 weeks’ gestation.?’
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The ethical questions for practicing neonatologists
are whether they should accept their own reality of
survival and try to improve on quality rather than
quantity, or whether they should try to compete with
the more advanced countries and aim for the thresh-
old of viability? Who should decide on that? Should
it be an individual (local) decision or a matter of
national (regional) policy? What are the ethics and
moral implications of these decisions? Could it possi-
bly be that in practice new technologies would change
matters? What would be the financial resources
needed, could they be afforded and, again, what
would be the ethical implications of discrimination
on financial grounds?

Of the general ethical principles of autonomy,
beneficence and non-maleficence, the first does not
apply to the neonate for obvious reasons. However, as
a person with independent moral status, the newborn
is entitled to the full demands and obligations of
beneficence and of primum non nocere. In everyday
practice the concept of ‘in the best interest of the
patient’ has also gained access to neonatal medicine
in order to surmount the subtleties of definition from
‘sustained life’ to ‘quality of life’.""%"'*' However, this
begs the question, in the best interests of whom — the
baby, the parents, or society, and who should decide?
Handicap is a notion often defined by healthy, normal
people, which may or may not be shared by the
affected individuals themselves. Perhaps it is a ques-
tion of degree: what is more acceptable, the survival
of a severely physically handicapped but intellectu-
ally sound child or, on the contrary, an individual
who is completely mentally dependent but who has
no physical impairment? And who will be the judge?
With the present low birth rate in most Western soci-
eties, ‘perfection’ is understandably always the goal.
However, is it not also a sign of moral perfection when
a society is prepared to accept the difference, showing
compassion and solidarity with its less fortunate
members? On one issue at least, everyone would agree
that whatever the dilemmas and however difficult,
decisions must never be taken upon account of sex,
eugenics, religious or economic prejudice, and never
based on a doctor’s own cultural or religious
beliefs.'?*123

‘Futile treatment’ is currently used in medicine to
mean that any treatment beyond a certain point would
be unjustifiable. Neonatologists, often young, are fre-
quently faced in the middle of the night with the cru-
cial decision (based very often upon inaccurate
information on gestational age) of whether or not to
initiate active, aggressive management of the
extremely immature infant at the threshold of viability.

When in doubt, active resuscitative measures
should be started in the labor ward.'** The decision to
further continue intensive care can always be reversed
after revaluation and counseling to the parents, but
this does not imply that decisions to continue or with-
draw treatment should rest upon them. Decisions to

withdraw or withhold treatment should always be the
responsibility of the most senior physician, after dis-
cussion with all the staff, including the nurses, and
upon informing the parents. The ‘phantom of the law’
is often used as an argument for the continuation of
futile intensive care. In fact, in most places what is
unlawful is the preservation of life at all costs, against
the dignity of the human being. As for the ethics
of treatment withdrawal, once again, what is morally
wrong is to prolong useless and hopeless treatments,
contradicting the Hippocratic rules of ‘not to harm,
if possible to cure, but always to relieve and console’.
Yet, the same European survey revealed that a
considerable number of countries had no policies or
consensus for DNR/withdrawal of life support thera-
pies (67% and 48%, respectively).”” Advancing tech-
nologies can often cause procrastination over medical
decisions, which, when based on a particularly
sophisticated tool, may be mistaken for good medical
practice. Neuroimaging is often quoted in this con-
text: but how reliable and infallible is neuroimaging
in the prediction of function? It might assist but does
not replace clinical judgment of when to withdraw or
withhold life-supporting therapies — that would be
quite unethical and unacceptable.

Most importantly, once the medical decision has
been reached to withdraw advanced life-support
treatment, the baby should be allowed to die in pri-
vacy, with dignity, surrounded by the warmth, care
and love of his parents with the full support of the
medical and nursing staff. Fortunately, in most cases,
parents accept medical judgments based on sound
clinical evidence, knowledge and good faith and are
almost always relieved that the decision has been
taken out of their hands. Occasionally, medical deci-
sions to withdraw or withhold treatment do not meet
with the parents’ agreement or approval because of
their particular philosophical, cultural or religious
beliefs. Frustrating as this may be, professionals must
understand and accept these feelings and must con-
tinue medical treatment until such time as further
counseling may reverse the parents’ decision. In the
last resort, if consensual agreement cannot be reached
in the best interest of human dignity for the baby, the
question of treatment withdrawal may be addressed to
the courts.'*

Can a universal lower limit of
viability be established?

It is quite obvious from the world literature and from
individual realities that a threshold exists for each
and everyone, whatever it might be. However com-
mendable the pursuit and quest to emulate the best
results, for the meantime, individual thresholds must
be recognized. It is within this reality that decisions
can be made when faced with the extremely preterm
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infant, and that an educated prognosis can be dis-
cussed with parents. Improvements can then be pur-
sued based on continuous self-auditing, in strict
adherence to the moral conduct of good medical prac-
tice toward the most vulnerable of all patients, the
sick and extremely preterm infant.
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The offspring of maternal
diabetes: perinatal events
and future outcome

M. R. G. Carrapato, S. Tavares, C. Prior and T. Caldeira

Introduction

The 1989 St Vincent’s Declaration stated, as a 5-year
goal, ‘... that the outcome of the diabetic pregnancy
should approach that of non-diabetic pregnancies’
and indeed, over the last 25 years significant reduc-
tions in spontaneous abortions, stillbirths, congenital
malformations and perinatal mortality have been
achieved at least in centers with a special interest in
diabetic pregnancy and in selected populations.*™
However, reports have shown even in Western coun-
tries, that spontaneous abortions may be as high as
17%, the stillbirth rate to be five times greater, con-
genital malformations to range from 4 to 10 times the
usual rate, perinatal mortality to be fivefold, neonatal
mortality to be 15 times greater and that infant
mortality might be trebled as the result of diabetic
pregnancies.’®*® Although population-based studies
from Norway have reported considerably better out-
comes,'* data from other countries have continued
to show bad results. In a cross-sectional study con-
ducted in 12 perinatal centers in France between
2000 and 2001 involving 435 diabetic pregnancies,
both types 1 and 2, perinatal mortality was six times
greater than the national rate, severe congenital mal-
formations were double and preterm delivery eight
times the national level. Cesarean rates at 59%, shoulder
dystocia at 7.6% and macrosomia at 17.3% added to
the burden. Preconceptional care was provided in
only 48.5% and 24% of women with types 1 and 2
diabetes, respectively, even though women with type
1 diabetes were being followed at least biannually in
diabetic centers.” Unplanned pregnancies, therefore,
remained at levels similar to those observed in the
1990s'® and close to the reported rates in a recent
survey in the USA.Y In a nationwide prospective
study from The Netherlands between 1999 and 2000,
although planned pregnancies were observed in 84%
of women with type 1 diabetes and glycemic control
was considered good (HbA,C < 7.0%), in about 75% of

subjects the outcome was considerably worse than the
general population, with pre-eclampsia 12 times greater,
cesarean sections 43%, perinatal mortality 2.8%), con-
genital malformations 8.8%, macrosomia 45.1% with
27.4% of shoulder dystocia and neonatal hypoglycemia
in approximately two-thirds of neonates."® These poor
results have also been reported for type 2 diabetes: con-
genital malformations 11 times greater, a twofold risk
of stillbirth, perinatal mortality 2.5 times higher, risk of
neonatal deaths 3.5 times greater and a sixfold risk of
death in the first year of life.'%*

It would therefore appear that over 15 years on
from the St. Vincent’s Declaration the goal of a similar
outcome for diabetic and non-diabetic pregnancies
has yet to be attained.

When addressing diabetic embryofetopathy several
issues are necessarily raised: What are the problems?
Why does it happen? What is the outcome? Can it be
avoided?

Peri(neo)natal problems of the infant
of the diabetic mother (IDM)

Pregestational diabetes mellitus (pre-GDM)

The potential complications affecting the conceptus
of the diabetic women have been identified for cen-
turies*! and range from an increased incidence of fetal
demise to congenital malformations and a multitude
of immediate neonatal problems including macrosomia/
intrauterine growth restriction, respiratory distress
syndrome (RDS), hypoglycemia, polycythemia, hypo-
calcemia, hyperbilirubinemia, heart failure and car-
diomyopathy, renal vein thrombosis and small left
colon. Although these clinical manifestations are seen,
especially in uncontrolled diabetic mothers, some of
the morbidities, namely macrosomia, hypoglycemia,
jaundice and RDS, are still more common in the IDM
despite good metabolic control and, in general, these

69



70  The offspring of maternal diabetes: perinatal events and future outcome

neonates still require a higher rate of neonatal intensive
care unit admission than the control population.

Congenital malformations

Although a whole range of congenital malformations
involving multiple organ systems, without specific
syndromes, have been observed in pre-GDM, both
types 1 and 2, some dysmorphies and malformations
are more common, including the association of dys-
plastic external ears and oculo—auriculo—vertebral
spectrum.?? Caudal regression anomalies, in particu-
lar saccral agenesis (with a 200- to 600-fold risk ratio),
neural tube and CNS defects (relative risk ranging
from 3 for anencephaly to a 40- to 400-fold risk for
holoprosencephaly), cardiac malformations, from
ASD, VSD to TGV and truncus arteriosus (four to six
times greater) to renal defects, from agenesis to ureter
duplication with a risk ratio from 6 to 23 times,
respectively, have all been repeatedly observed in
diabetic pregnancies.'®**~2® Most of these congenital
malformations occur particularly in the offspring of
uncontrolled diabetic women with very poor, or no,
preconceptional care. They appear to be directly
related to HbA,C levels, ranging from levels similar to
those of the general population, with ‘excellent meta-
bolic control’ (HbA,C <6.9%), to 5.1% (with ‘good
metabolic control’, HbA,C 7.0-8.5%) to 22.4% inci-
dence with greater than 8.6% HbA,C.*” Reid and
Ylinen have also shown similar results and correla-
tion with HbA,C, suggesting that a good metabolic
control could greatly reduce the impact of congenital
malformations in the outcome of diabetic pregnan-
cies.”®*® By enrolling diabetic women to intensive
metabolic control before conception, Furhmann
showed that major congenital malformations could be
reduced to 1.1%, rising to high uncorrected rates for
those presenting later in pregnancy.’®®' Since then,
many other authors have shown similar good results
from preconceptional care aimed at good metabolic
glycemic control.*579%%3% From the available evi-
dence, it would seem that tight metabolic control for
at least 6-12 months prior to conception would
greatly reduce the burden of congenital malforma-
tions to almost normal rates. Nevertheless, even in the
best series, corrected rates for diabetes-related malfor-
mations are considerably higher than those for the rest
of the population, despite good metabolic control, i.e.
preconceptional care and HbA,C levels.*>”'® This
raises several points, from the evaluation of good meta-
bolic control and the best parameters, to the question
of compliance and whether hyperglycemia is the only
teratogenic fuel per se or is additional to other pre-
disposing or adjuvant factors, as outlined in the
etiopathogeny of diabetic embryofetopathy.

Macrosomia

Ranging from 17% to 50% in the offspring of pre-
GDM">'834-36 macrosomia poses a major problem for
both obstetricians and neonatologists. In an attempt to
diagnose fetal macrosomia many different ultrasound

parameters have been proposed with differing results,
from estimated fetal weight to abdominal circumfer-
ence, to the more sophisticated evaluation of fetal
subcutaneous fat tissue thickness of various body
segments (midarm and midthigh fat and lean mass,
abdominal and subscapular fat mass and cheek fat), to
fetal fat layer, intraventricular septal thickness, etc.*”~%
How reliably can it be diagnosed by the practising
obstetrician, outside the major research institutes if, in
effect, he is referring to a large for gestational age (LGA)
fetus based on the estimated weight and abdominal
circumference?***! This is an important question. While
both share common characteristics, the true macro-
somic fetus will have other peculiarities due to its
abnormal fat distribution, especially affecting the
shoulder girdle, leading to dystocia and its complica-
tions. Should, therefore, all (true) macrosomic fetuses
be delivered by cesarean section? Perhaps not, but in
practice they are. As for the pediatrician, the term
macrosomia is also often used to describe a large
baby and, again, although sharing common problems
of hypoglycemia, polycythemia, hypocalcemia and
hyperbilirubinemia, the true macrosomic baby will
also be a candidate for birth (intrapartum) asphyxia,
brachial palsy and cardiomyopathy.

Moreover, rather than mentioning any given weight
or babies’ weight/gestational age, as is traditionally
done for macrosomia, it would be more appropriate
to refer to ponderal indices [PI=(fetal weight in
grams/fetal length in cm?®) x 100] against the estimated
centile for gestational age.**”** This approach, besides
differentiating the normal LGA from the true macro-
somic neonate, may also have other implications,
particularly with regard to long-term outcome.

Hypoglycemia

Another issue relates to neonatal hypoglycemia and
its never-ending controversies. What in fact is neona-
tal hypoglycemia and does it matter?” Methodological
problems of glucose measurements — capillary to
venous blood, whole blood to plasma values, sample
containers and transport, etc. — all account for the dif-
ferent definitions of hypoglycemia. Glucose concentra-
tion in whole blood is about 10-15% lower than in
plasma and due to the usually high hematocrit of the
IDM, plasma, rather than whole blood, should be used
for the definition of hypoglycemia. Moreover, what low
blood sugar level might be harmful? Will a (given) low
blood sugar level in the absence of symptoms be less
damaging than when coupled to clinical manifesta-
tions? And if, at the follow-up, these children are found
to be performing below par, is it because of neonatal
hypoglycemia or is it due to poor antenatal metabolic
control? Conversely, could it possibly be that in order
to overcome hypoglycemia, the neonate is able to uti-
lize other substrates as an alternative to glucose for
brain metabolism? The answer is a partial ‘yes’ for lac-
tate in the immediate neonatal period, but quite
unlikely for other, more important fuels, namely ketone
bodies, given the sustained hyperinsulinism-inhibiting
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lypolysis. For these reasons, it would therefore be
recommended to keep blood levels in the range of
>2.6mmol/l regardless of gestational and postnatal
age, by promoting early enteral feeds. If oral feeds are
not being tolerated or are contraindicated, i.v. glucose
should be started at 5—-6 mg/kg/min and may be subse-
quently increased according to the lack of response to
8-10 mg/kg/min. If the neonate has symptomatic hypo-
glycemia, especially related to neuroglycopenia, a
bolus i.v. glucose administration of 0.25-0.5g/kg
should be given followed by glucose infusion at the
required rate to maintain normal glycemia. As soon
as possible, enteral feeds with either breast milk or
formula should be promoted and gradually increased
to avoid reactive hypoglycemia if glucose infusion
is decreased too rapidly. Glucagon administration of
200-300 ug/kg may occasionally be required to
enhance glucose release from glycogen storages and to
increase hepatic acids oxidation.

Respiratory distress syndrome

Premature delivery remains a hazard due to either
maternal or fetal well-being, mostly in poorly con-
trolled women or with associated pregnancy compli-
cations or due to underlying disorders secondary to
diabetes itself. Hyaline membrane disease (HMD) is
more common in infants of diabetic mothers at any
gestational age due to either inhibition or decreased
surfactant synthesis, a consequence of fetal hyperin-
sulinism.*°° In general, both in vivo and in vitro,
insulin opposes the glucocorticoid stimulating effect
on lung maturation®>® by a complex cascade of
impaired mechanisms, from blockade of fibroblast —
pneumocyte — factor (FPF) release and directly
inhibiting phospholipid synthesis by type 2 cells® to
reducing surface protein synthesis®® or both.

Antenatal corticosteroids have been shown to pro-
mote fetal lung maturation in normal pregnancies.
Their use in diabetic pregnancy remains controver-
sial as the adverse steroid-induced hyperglycemia
on fetal lung maturation may offset any beneficial
effects.” In addition, the acute rise of severe hyper-
glycemia in the mother needs to be taken into
account and caution demands close monitoring dur-
ing antenatal corticosteroid administration and sev-
eral schemes have been proposed for supplementary
insulin to counteract the unbalanced hyperglycemic
status.>®%’

Whether the routine assessment of fetal lung matura-
tion by lamella body counts or lecithin/sphingomyelin
ratios should be performed in reliably dated pregnan-
cies, at term, is doubtful and lately is becoming less
advocated.>®

If HMD remains a common neonatal problem, RDS
in the offspring of diabetic mothers is further aggra-
vated not only by the concomitant polycythemia and
hyperviscosity, hypoxia and pulmonary hyperten-
sion, occasionally heart failure, but also, especially
by the high rate of cesarean sections, often without
previous labor.

Hypocalcemia

Calcium homeostasis depends on the equilibrium
between intestinal absorption and renal excretion under
hormonal regulation. Parathormone mobilizes calcium
from bone, promotes its renal tubular reabsorption and
stimulates 1,25 hydroxy vitamin D production. Vitamin
D increases calcium and phosphate intestinal absorption
and regulates bone metabolism mediated by parathor-
mone. Hypocalcemia, on the other hand, stimulates
parathormone release. In pregnancy, calcium is actively
transferred across the placenta from maternal circulation
under the influence of the parathyroid hormone-related
peptide (PTHrP) with maternal parathormone and vita-
min D having very little influence due to their inability
to cross the placenta. Fetal plasma calcium is higher
than maternal levels, especially with advancing preg-
nancy (total and ionized calcium 10-11mg/dl and
6 mg/dl, respectively), and consequently, the parathy-
roid glands show reduced activity.®*** At birth, follow-
ing the suppression of maternal-fetal transferal of
calcium, the plasma levels fall within the first 24 h of
life, leading to parathormone release and the normaliza-
tion of calcium levels by 2 weeks of life.®*®* Total cal-
cium concentrations in the neonate are dependent on
gestational age, albumin levels and pH.

Hypocalcemia occurs in up to 50% of IDM, usually
on the first 3 days of age, often associated to hyper-
phosphatemia and hypomagnesemia probably due to
delayed parathyroid response and correlated to the
duration and severity of maternal diabetes although the
mechanisms remain elusive.®*®® Pulmonary disease
and/or asphyxia worsen the hypocalcemia.?®%

In the absence of clinical manifestations, it is
debatable whether calcium determination should be
performed routinely. On the contrary, with preterm
delivery, respiratory compromise, asphyxia, sepsis,
etc., calcium levels should be performed and cor-
rected. Prolonged QTc (QT corrected for heart rate
over 0.4 s) on the ECG requires special attention, but
with the possibility of heart block, refractory brady-
cardia and hypotension, calcium administration
should be carefully monitored.

Persistent hypocalcemia may be the result of the
concomitant hypomagnesemia and is unlikely to be cor-
rected if magnesium levels are not adjusted. With sig-
nificant hyperphosphatemia (Ca,xPO,> 80) calcium
administration may lead to calcification of the soft
tissues if the high phosphate levels are not lowered
primarily.®%-%6

Polycythemia

The definition of polycythemia may include infants
with or without symptoms having hematocrits greater
than 65%. The reported incidence of polycythemia
ranges from 0.4% to 12% in the newborns, but it affects
up to 30% of infants of poorly controlled diabetic
mothers.

Fetal red cells have a larger mean cell volume and
are less deformable than more mature cells, leading to
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increased viscosity. Low fetal oxygenation and tissue
hypoxia increase erythropoietin levels stimulating
erythropoiesis and leading to high fetal hemoglobin.
Some authors speculate that fetal plasma erythropoi-
etin concentration is significantly correlated to mater-
nal high-affinity HbA,C% % while others suggest that
the increased erythropoiesis in fetus of diabetic preg-
nancies may be subsequent to fetal hypoxemia, the
result of hyperglycemia, hyperinsulinemia and hyper-
ketonemia, in line with Freinkel’s concept of ‘preg-
nancy as a tissue culture experience’.”®’* The chronic
hypoxemic state in utero may thus explain some cases
of fetal death. In the neonate, symptomatic poly-
cythemia may present with RDS, congestive heart fail-
ure and, occasionally, pulmonary hypertension.
Neurological signs include jitteriness, irritability,
seizures and apnea. Potential sequelae of poly-
cythemia may be thrombosis, gangrene and stroke.
The treatment of polycythemia, especially if sympto-
matic, is the standard partial exchange transfusion.

Jaundice

Physiological jaundice is a common neonatal problem
due to transient glucoronyl transferase deficiency,
immature hepatic intracellular uptake and transport,
increased enterohepatic circulation and occurs in
60-70% of the newborns. However, clinically signifi-
cant jaundice (total bilirubin greater than 12.9mg/dl
at term) affects only 5% of these babies.”

In the IDM, the risk of clinically important jaundice
is up to 30% and is due to multifactorial causes from
prematurity, to polycythemia and increased hemoly-
sis, and macrosomia, with PI rather than weight/
gestational age showing a better correlation with
bilirubin levels.®®737

Gestational diabetes mellitus

GDM usually develops in the second half of preg-
nancy. With advancing pregnancy considerable
demands are placed on insulin to meet increasing
maternal metabolism. If the threshold is surpassed,
maternal hyperglycemia may supervene. Although
some studies also point to a higher incidence of con-
genital malformations in association with GDM, most
cases are probably pre-GDM diagnosed in pregnancy,
especially type 2, with prepregnancy body mass index
(BMI) and advanced maternal age playing a very con-
spicuous role.”**® Congenital malformations aside,
the whole spectrum of peri(neo)natal problems over-
lap those of pre-GDM and contribute to the high
maternal—fetal and neonatal morbidities.

The incidence of GDM varies from 3% to 5%
depending on whether screening is universal or only
for women at risk.

In our Institution over the 2-year period from January
1, 2002 to December 31, 2003, from an unselected
population of 5930 women, after a universal 1 h of 50-g
glucose screening, followed by 3h of 100-g OGTT, 211

women were confirmed as having GDM. Seven women
diagnosed in the first weeks as having had possible
pre-GDM detected only in pregnancy (mean BMI 32.5,
mean age 32.4 years) were eliminated from the study.

Among the multigest and multipara, 7.2% had had
previous GDM with 24% miscarriage and 4.3% late
fetal death.

In the present pregnancy, the average gestational
age at the time of diagnosis was 27 weeks and the
mean HbA,C was 4.3% (range 3.4-5.7%). Forty-one
women (20.4%) required insulin treatment to main-
tain good metabolic control.

Complications of pregnancy included pregnancy-
induced hypertension (8, 3.8%), pre-eclampsia (3,
1.4%), HELLP (3, 1.4%), placenta abruptio (3, 1.4%),
thrombocytopenia (4, 1.9%), oligo/hydramnios (2,
0.9%), ACIU (2, 0.9%). There were no maternal or
perinatal deaths.

Delivery was by cesarean section in 43.9% and by
instrument delivery in 8.8% while for a control group
of macrosomic babies of non-diabetic mothers these
figures were 36.4% and 9.2%, respectively. The aver-
age birth weight at 38 weeks was 3121g (SD 424g)
and length 48.55cm (SD 1.77 cm).

Neonatal morbidities expressed in Table 8.1, com-
pared to LGA neonates of non-diabetic mothers, were
considerably better than in many series. Several
points, though, need to be considered. The incidence
of macrosomia [birth weight/gestational age (BW/GA)
> 90th centile] was identified in only six (2.9%), a
figure that is just above that of our unselected popu-
lation (2.8%). However, if PI is applied instead of
BW/GA, the incidence rises to 31 (16.1%) of babies
with PI > 90th centile, especially with advancing
gestational age (21.4% and 38.5% at 39 and 40 weeks,
respectively), suggesting a population of short obese
babies within our population of gestational diabetes
in contrast to LGA neonates of non-diabetic mothers,
which are large and long (Table 8.2). We would there-
fore consider PI to be a more accurate and true reflec-
tion of macrosomia than just BW/GA. Another area
for concern is the high incidence of cesarean sections,
which suggests labor-induced failure, because even
correcting for PI, only 16.1% were macrosomic new-
borns, questioning the current practice of elective
induction at 38 weeks’ gestation. The proportion of
small for gestational age within our diabetic popula-
tion (10.3% vs. 13.64 % in our general population),
suggests an adequate metabolic control.

Although there were very few cases of RDS in our
neonates, mostly due to the paucity of very small,
extremely preterm infants, we observed that of those
with respiratory problems, more than one-half were
pulmonary adaptation syndromes in neonates deliv-
ered by cesarean section at 37 weeks’ gestation.

In summary, even within perinatal centers, although
maternal and peri(neo)natal adverse results can be
greatly improved, GDM remains a public health prob-
lem of considerable proportions.
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Table 8.1 Comparative neonatal morbidities of IDM and LGA

IDM LGA X (P)
Morbidity n % N %
Fractured clavicles 4 2 9 5.4 0.79
Brachial plexus palsy 1 0.5 2 1.2 0.47
Congenital malformations 9* 4.3 G 4.7 0.582
Prematurity 21 10.2 11 6.6 0.959
Hypoglycemia 6 3.1 4 2.4 0.663
RDS 8 4.1 4 2.4 0.342
Jaundice 63 32.6 28 16.8 < 0.001
Polycythemia 3.6 9 5.4 0.37
Hypocalcemia 9 4.7 2 1.2 0.054

Table 8.2 Body proportions of IDM and LGA per GA

IDM (207/5930) LGA (167/5930)

GA Weight >90th  Length  >90th Pl >90th Weigh Length  >90th PI(£SD) >90th

(Weeks) (£SD) centile (%) (+SD) centile (%) (£SD) centile (%) (£SD) (+SD) centile (%) centile (%) centile (%)

41 4650 54.8 38.1 3.3 61.9

(£167.19) (£1.85) (£0.35)

40 3389 0 49.0 0 2.9 38.5 4328 52.1 33.3 3.1 54.2
(£231.90) (£1.79) (£0.39) (£211.08) (£1.27) (£0.22)

39 3332 0 49.1 6.9 2.8 21.4 4208 51.87 31.8 3.1 43.3
(£341.51) (£1.73) (£0.29) (+£263.40) (£1.63) (+£0.22)

38 3121 5.2 48.5 4.3 2.7 15.3 3989 50.9 34.8 3.0 60.9
(£424.14) (£1.77) (£0.26) (£137.89) (£1.57) (£0.31)

37 2900 0 47.8 0 2.6 5.0 3751 51.0 50 2.8 38.9
(£337.07) (£1.80) (£0.21) (£204.07) (£1.24) (£0.21)

36 2645 0 46.5 0 2.6 3495 49.8 50 2.9 50
(£220.76) (£1.62) (£0.22) (£111.13) (£2.68) (£0.47)

35 2343 0 44.0 0 2.8 5.0 3233 47.0 0 3.1 100
(£82.14) (£2.74) (£0.45) (£101.16) (£2.60) (£0.49)

TOTAL 3074.3 29 48.4 2.7 16.1 4133.6 51.55 3.0
(£432.87) (£1.94) (£0.27) (£351.98) (£1.81) (£0.28)

Why does it happen?

In a theoretical model, according to Freinkel’s concept
of pregnancy as a tissue culture experience, the whole
pathogenesis and spectrum of fetal and neonatal mor-
tality and morbidity could primarily be attributed to
the excessive transferal of glucose from mother to
fetus, inducing fetal hyperglycemia, leading to fetal
pancreatic islet hypertrophy and g-cell hyperplasia
with a consequent rise in insulin secretion.? Chronic
fetal hyperinsulinism results in raised metabolic rates
and oxygen consumption causing fetal hypoxemia,
which, in turn, would be responsible for the increased
rate of stillbirths and birth asphyxia as well as for
the excessive erythropoietin production and poly-
cythemia.%®7%828% In addition, fetal hyperinsulinism

would be responsible for increased fetal substrate intake,
leading to fat synthesis, with the resulting adiposity,
macrosomia and visceromegaly. Furthermore, fetal
hyperinsulinism may also be responsible for the devel-
opment of respiratory distress syndrome at birth by
either inhibiting or decreasing lung surfactant synthe-
sis.*% Neonatal hypoglycemia may be a combination
of several factors including sustained hyperinsulinism
and lack of counter-regulatory hormonal responses
impairing hepatic glucose production, deficient lipol-
ysis and increasing peripheral glucose uptake.?*® It
would seem, therefore, that uncontrolled maternal
hyperglycemia could start the whole spectrum of dia-
betic embryofetopathy (Figure 8.1). It is quite possi-
ble, however, that other metabolic fuels, either
besides or in association with glucose, from lipids to
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Figure 8.1 Diabetic embryofetopathy.

amino acids, may also cross the placenta in a concen-
tration gradient inversely proportional to insulin
availability, further contributing to the abnormal fetal
milieu.”®”"®” Depending on the timing of gestation,
during critical developmental stages, the same meta-
bolic fuels would have different effects on the fetus.
Over the last 15 years there has been increasing evi-
dence from animal and human studies to support the
theory that in addition to sugars (glucose, galactose
and mannose) other metabolic fuels, from ketones to
deranged lipid peroxidation, may be responsible for
the pathomechanisms of congenital malformations
provided that they are present at certain (high) levels
for a reasonable amount of time and especially at cru-
cial ‘developmental windows’.?*%' Dietary supple-
mentation of deficient substracts (arachidonic acid
and myo-inositol), free oxygen radical scavenging
enzymes and antioxidants have been shown in vivo
and in vitro to reduce the rate of malformation in the
offspring of diabetic animals.””"% Whether such
strategies might be applicable to clinical practice
remains a promising but open question.

Similarly, the same general principles of multifac-
torial pathomechanisms have been postulated for
macrosomia, including and ranging from ketone bodies
to free fatty acids, ‘selected’ amino acids and with a
conspicuous role for IGF-1 and IGF-2 at the local
level. Maternal insulin antibodies and insulin
counter-regulatory hormones may, in addition, further
contribute to the resulting macrosomia.”®'!

Toward the end of the second trimester, at a time of
increasing cerebral cortical differentiation and matu-
ration, it is quite conceivable that a metabolic insult
may result in altered neurological or intellectual
behavior'®>'% and, during the third trimester, prolif-
eration of fetal adipocytes, muscle cells and pancre-
atic B-cells may then be responsible for ‘programming’
the later development of several adult disorders.'*”"*"!

What is the outcome?

Neonatal complications of the IDM, in spite of the
high morbidities involved, are now quite well man-
aged with intensive neonatal care. It is questionable
whether these babies are more prone to developing
neurological, behavioral and learning disabilities
and, if so, whether they are due to an unfavorable
intrauterine metabolic environment or to other peri-
natal and early life events operating on different fetal
determinants. Most of the early reports of severe brain
damage are, reassuringly, now of historical inter-
est.112113 Nevertheless, well-documented evidence
points to mild to moderate psychomotor and psy-
chosocial impairment in the offspring of these
mothers. While it is quite possible that early neonatal
events may play a role, available data also place a sus-
picious emphasis on intrauterine life.!?%71%

The long-term outcome, on the other hand, poses
several questions. Some studies point to a higher
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incidence of childhood obesity in the offspring of
these mothers while others fail to find such correla-
tions. Conflicting results might be the result of the dif-
ferent methodologies involved, including different
definitions and very often small numbers, without
adequate control populations.'"*'®

Finally, a major issue is whether some adult dis-
eases of metabolic and vascular disorders may have
had a fetal origin. In recent years, there has been
accumulating evidence, both from animal studies and
from epidemiological data, to suggest that fetal S-cell
hyperplasia and hyperinsulinism may induce irre-
versible changes leading to obesity, glucose intoler-
ance and even overt non-insulin-dependent diabetes
and, perhaps, a protective effect against type 1 dia-
betes later in life — a model very much in line with
the ‘Barker Hypothesis’ of the fetal origins of adult
disease.'”111117:118 ‘What might be the relative weight
of genetics vs. intrauterine events remains to be con-
firmed''?'* but it is quite interesting that at least in
experimental models the prevention of hyper-
glycemia in pregnancy significantly reduces the
prevalence of diabetes in the next generations.""!

What can be done?

Based on the assumption that poor maternal home-
ostasis is at the core of the problem and that tight
metabolic control might change the outcome of a dia-
betic pregnancy to normal, why then are such poor
results being reported even in developed countries?
Admittedly, most of these bad performances are for
pre-GDM. But, even allowing for different data collec-
tion, lack of uniform criteria in definitions and case
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Neonatal seizures

A. Beke and Z. Papp

Definition

Seizures have been defined as abnormal, paroxysmal,
stereotypical clinical events that are initiated by the
hypersynchronous activity of neurons in the brain.'
They represent rapid alteration in the function of the
nervous system by which the motor, behavioral or auto-
nomic functions (or all of these) are clinically affected.
Seizures are far commoner in the first month of life
than at any other time. Neonatal seizures have been
described in both clinical and electrical terms. Clinical
seizures have been described as occurring in close asso-
ciation with electroencephalograph (EEG) seizure
activity (epileptic in origin), and without accompany-
ing EEG seizure activity (presumably non-epileptic in
origin). All the clinical seizures described indicate the
presence of significant central nervous system dys-
function. In this regard, the fin