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ABSTRACT

This review describes the pathogenesis of pulmonary
bypoplasia and highlights its clinical, radiological and
pathologic features, with emphasis on oligobydramnios-
related pulmonary hypoplasia. Since pulmonary hypopla-
sia may lead to severe respiratory distress immediately
after birth and even to neonatal death, an accurate and
patient-friendly prenatal test for early detection and
distinction between lethal and non-lethal pulmonary
hypoplasia is still highly desirable. An extended overview
of the proposed methods for the prenatal prediction of
pulmonary bypoplasia is presented.

INTRODUCTION

Having previously presented morphologic and physiologic
aspects of normal fetal development, this overview will
give an outline of abnormal lung development, i.e. of
pulmonary hypoplasia in particular. Further, from an
obstetrician’s and pediatrician’s point of view, knowledge
of the clinical course and of pre and postnatal diagnostic
procedures and characteristics is mandatory to cope with
the various ways pulmonary hypoplasia may present itself.

ABNORMAL LUNG DEVELOPMENT:
PULMONARY HYPOPLASIA

Definition and morphologic features

Pulmonary hypoplasia, either unilateral or bilateral, is a
poorly defined condition of incomplete development of the
lung, so that it fails to reach adult size?>. This defective
development is due to a decrease in the number of lung
cells, airways and alveoli, with a resulting decrease in
organ size and weight*~"". Based on a study of Nakamura
et al.® it has been postulated that impairment of pulmonary
development during the pseudoglandular stage (before
16 weeks’ gestation) causes reduced bronchiolar branching,

cartilage development, acinar complexity and maturation,
and retarded vascularization and thinning of the air—blood
barrier. Insults occurring after the pseudoglandular stage
(after 16 weeks’ gestation) impair acinar complexity and
maturation®. In a morphometric and biochemical study on
hypoplastic lungs from human fetuses associated with
oligohydramnios, Wigglesworth ez al.® as well as Nakamura
et al.'>'3 confirmed not only lung growth arrest but also
impairment of lung maturation based on low surfactant
phospholipid concentrations. Reale et al.'' stated that
changes in the histologic appearance were correlated with
severity and were independent of the type of associated
malformations.

Since growth of the pulmonary blood vessels parallels
development of the airways (pre-acinar blood vessels with
the conducting airways and intra-acinar blood vessels with
alveolar development), it is not surprising that disturbance
of the pulmonary vascular bed coincides with pulmonary
hypoplasia. A decrease in total size of the pulmonary
vascular bed, a decrease in the number of vessels per unit of
lung tissue and increased pulmonary arterial smooth
muscle have been described'®. The latter has been expressed
in an increased medial wall thickness as percentage of the
external thickness'*"'®, Peripheral extension of muscle into
arteries smaller than normal have been observed”*!5:1¢
and the intrapulmonary arteries are smaller than normal
but appropriate for the reduced volume of the lung””’.
These features form the morphologic basis for the
increased pulmonary vascular resistance.

Epidemiology

The reported incidence of pulmonary hypoplasia in the
general population ranges from 9 to 11 per 10 000
livebirths and is 14 per 10 000 of all births'”"'®. This
must be an underestimate of the true incidence since infants
with lesser degrees of hypoplasia undoubtedly survive the
neonatal period. The reported prevalence of this condition
in autopsies ranges from 7.8 to 22%>'77*! and more than
85% of those cases will display significant associated

Correspondence: J. A. M. Laudy, M.D., Department of Obstetrics and Gynecology, University Hospital Rotterdam, Erasmus University, School of
Medicine and Health Sciences, Dr Molewaterplein 40, 3015 GD Rotterdam, The Netherlands

Received 29-2-00, Revised 9-8-00, Accepted 1-9-00

482

REVIEW



Prenatal prediction of pulmonary hypoplasia

Table 1 Anomalies associated with pulmonary hypoplasia

Laudy and Wladimiroff

Intrathoracic masses

Congenital diaphragmatic hernia, congenital cystic adenomatoid malformation,

bronchogenic cyst, etc.

Oligohydramnios based on renal or urinary tract anomalies
Non-renal oligohydramnios

Skeletal malformations

Neuromuscular and central nervous system anomalies
Pleural effusions

Cardiac lesions

Abdominal wall defects

Syndromes associated with pulmonary hypoplasia

Bilateral renal agenesis or dysplasia, bladder outlet obstruction, etc.
Prolonged preterm rupture of membranes

Osteogenesis imperfecta, thanatophoric dwarfism, etc.

Fetal akinesia, anencephaly, etc.

Rhesus and non-rhesus hydrops, etc.

Hypoplastic right or left heart, pulmonary stenosis, etc.
Omphalocele, gastroschisis, etc.

Trisomy 13, 18, 21, Robert syndrome, etc.

anomalies®. Perinatal mortality is high, approximately
70% in most series (55-100%)*>72.

Etiology

Pulmonary hypoplasia may be a primary or secondary
phenomenon. Bilateral pulmonary hypoplasia occuring as
an isolated anomaly has been considered as extremely
rare?®?®, It has been suggested that infants with primary
pulmonary hypoplasia represent a group of infants subject
to decreased respiratory activity in utero, although the
amount of amniotic fluid at delivery was not described in
these instances*®73°. Most cases of pulmonary hypoplasia
are secondary to congenital anomalies or pregnancy com-
plications that inhibit lung development. Factors important
in lung growth are discussed in a previous overview
recently published in this journal'. Several authors have
reported on various anomalies associated with pulmonary
hypoplasia 23%7713:20:22:23,29,31-39 " Ay exhaustive list of
the numerous conditions reportedly associated with
pulmonary hypoplasia was compiled by Sherer et al.’2.
Based on this list the following categories can be grouped
as shown in Table 1. Most cases, such as renal anomalies,
congenital diaphragmatic hernia and hydrops fetalis,
indicate interference with lung growth during the early
developmental stage mainly before 16 weeks of gestation,
whereas oligohydramnios due to prolonged rupture of
membranes possibly impairs pulmonary development after
16 weeks®. Wigglesworth et al.® could detect no difference
between structural appearance of the lungs after rupture of
the membranes dating from before 20 weeks’ gestation in
the presence of normal kidneys and that seen in cases of
bilateral renal agenesis.

Oligohydramnios-related pulmonary hypoplasia

Renal and non-renal prolonged oligohydramnios are one
of the major causes of pulmonary hypoplasia. The
occurrence of bilateral renal agenesis and pulmonary
hypoplasia was first recognized by Potter in 1946 **.
Later it became apparent that lethal pulmonary hypoplasia
was also a consistent feature in babies with no renal
function at birth because of bilateral renal dysplasia with
or without cyst formation'®*’. The common features
associated with these anomalies, are known as the Potter’s
syndrome: profound oligohydramnios, characteristic facial
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and limb deformities and pulmonary hypoplasia®>3¢41:42,

Growth deficiency, if delivered after 34 weeks, is also
reported to be a common, although not a major feature in
association with Potter’s syndrome*®*?. The facial
abnormalities (Potter facies) include large, low-set, floppy
ears, a small chin, a flattened nose, hypertelorism,
epicanthic folds*?. Limb defects such as spade-like hands,
talipes equinovarus and flexion contractures at the level of
the elbows, knees and feet are described?>23-26:40,

There is no evidence that pulmonary hypoplasia is
genetically or teratologically related to the various urinary
tract anomalies'>*>**. One hypothesis for the develop-
ment of Potter’s syndrome is that it is the consequence of
multiple early mesodermal defects*!, although the widely
accepted view is that the structural abnormalities of
the face, lungs and limbs are secondary to oligohydram-
nios®*¢. Also other non-renal causes of prolonged
oligohydramnios such as chronic amniotic fluid leakage
may lead to the described non-renal features of the Potter’s
syndrome® =3, Therefore, these secondary features are
also known as the oligohydramnios sequence or oligo-
hydramnios tetrad®®3”* (Figure 1).

It has been reported that oligohydramnios due to pro-
longed premature rupture of membranes (PROM) may be
associated with pulmonary hypoplasia®?=2¢3773%4¢ even in
the absence of the full complex of malformations con-
nected with the oligohydramnios tetrad*>*>**”. Premature

Renal/urinary tract

PROM malformations
Prolonged
Oligohydramnios .
Fetal compression
Skeletal: Facial:

spadc-like hands
talipes equinovarus
flexion contractures
of clbows, knces,
feet.

large, low set, floppy
ears small chin
flattened nose
hypertelorism
epicanthic folds

Figure 1 Features of the Potter syndrome or oligohydramnios
tetrad. PROM, premature rupture of membranes; [UGR, intra-
uterine growth restriction.
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rupture of membranes mostly defined as rupture of the
fetal membranes prior to the onset of labor, is a common
obstetric problem which occurs in approximately 10% of
all pregnancies with world-wide reports varying between 5
and 45%*%*°, Ninety percent of the patients who present
with this problem have a latent phase of less than one
week’®. The other 10%, who are largely preterm patients,
present a dilemma in management®>***132 Prolonged
PROM is associated with increased chance of infection in
both the mother and the fetus, perinatal death as a result of
prematurity, and fetal distress during labor because of cord
compression®>*13233  The risks of early delivery and
hyaline membrane disease must be weighed against those
of expectant management like pulmonary hypoplasia,
sepsis and fetal deformities. The incidence of neonatal
infection following preterm membrane rupture has been
reported to be between 0.5 and 25%*°. It was demon-
strated by Mclntosh et al.*® that death from pulmonary
hypoplasia is a much more serious problem than infection
following preterm prolonged membrane rupture. This was
confirmed by Tibboel et al.*® who emphasized that in cases
of prolonged PROM, prenatal care should not merely
focus on the occurrence and prevention of infections, but
rather on the occurrence of oligohydramnios because of the
risk of pulmonary hypoplasia increasing with the duration
of the latter.

Even a period of oligohydramnios as short as 6 days
may interfere with fetal lung development and cause
pulmonary hypoplasia®***. The reported incidence of
pulmonary hypoplasia due to oligohydramnios based on
chronic amniotic leakage varies between 8 and 26% of
which 55-100% was lethal?’=2¢. The overall mortality
rate after prolonged preterm PROM in these studies ranges
between 17 and 41% with a mortality rate due to
pulmonary hypoplasia between 29 and 58%.

POSTNATAL DIAGNOSIS OF PULMONARY
HYPOPLASIA

Clinical and radiologic criteria

In most cases, pulmonary hypoplasia is lethal. However,
sublethal forms of lesser severity (usually proportional to
the severity of the underlying etiologic condition) exist and
they present a spectrum of clinical presentation, course,
prognosis and eventual outcome. Clinical manifestations of
pulmonary hypoplasia in neonates range from severe
respiratory failure leading to neonatal death (lethal form)
to respiratory insufficiency associated with pulmonary
hypertension with persistent fetal circulation, pulmonary
hemorrhage, bronchopulmonary dysplasia, or subacute lung
disease, to mild or transient respiratory disease (non-lethal
form)>»?5323%_ Presently, the clinical diagnosis of pulmon-
ary hypoplasia is difficult to make as no tissue is available
for histologic examination. Although there is no extensive
prospective study of neonatal findings suggestive of
pulmonary hypoplasia, there are several case series describ-
ing clinical and/or radiologic findings*?232%28:37:55-57 The
clinical features of infants with pulmonary hypoplasia are
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characterized by an immediate onset of severe respiratory
insufficiency after birth, with small lung capacity and
requiring high ventilatory pressures in the absence of
obstruction or atelectasis. The radiologic criteria for
pulmonary hypoplasia include small lung fields with
diaphragmatic domes elevated up to the seventh rib,
downward sloping ribs, a bell-shaped thorax, pneumo-
thorax or pneumomediastinum. In a study of Leonidas
et al.’® pneumomediastinum/pneumothorax was diag-
nosed in 82% of 17 infants dying from oligohydramnios
related pulmonary hypoplasia and a bell-shaped chest
contour in 59%. Both features were present in 53%. The
bell-shaped thorax is valuable in predicting the most severe
degrees of lung growth impairment and was present in all
cases in which oligohydramnios was caused by bilateral
renal agenesis. However, either pneumomediastinum/
pneumothorax or the bell-shaped chest, when present
alone, were of low diagnostic value (6.4 and 4.5%,
respectively), whereas the chance of oligohydramnios-
related pulmonary hypoplasia is much higher when both
X-ray manifestations were present (around 30%).

Other additional neonatal signs secondary to pro-
longed oligohydramnios are facial (Potter’s facies) and
skeletal deformities with a reported incidence of 21-
28%%%23:262758 Their presence correlates most strongly
with the degree and duration of oligohydramnios. Thibeault
et al.>® showed that from a group of 76 preterm infants < 34
weeks’ gestation associated with premature rupture of
membranes (PROM) for longer than 5 days, 21 infants
displayed oligohydramnios and deformities at birth.
Twenty of these infants showed clinical evidence of pul-
monary hypoplasia. The duration of PROM was longest in
infants with deformities, and the mortality in these infants
was 86% compared to 52% in infants without deformities
who required mechanical ventilation. In a series by
Mclntosh et al.*® 15 out of 16 infants with pulmonary
hypoplasia displayed compression deformities but nine
infants with compression deformities did not show
maldevelopment of the lungs. Rotschild et al.?® confirmed
the presence of a strong correlation between skeletal
deformities and pulmonary hypoplasia, since all cases of
severe skeletal deformities in their study were associated
with pulmonary hypoplasia. In their study development of
skeletal deformities was associated with severe oligo-
hydramnios and duration of PROM, but not with
gestational age at PROM. Nevertheless, pulmonary hypo-
plasia can also occur in isolation with little or no
compression>?>,

Pathologic criteria

Several pathological criteria of pulmonary hypoplasia are
well established, although presently there is still uncer-
tainty as to which method is most reliable’.

Lung weight or lung weight to body weight ratio

The direct measurement of lung weight and comparison
of that weight with expected values is the simplest
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Table 2 Guidelines for diagnosis of pulmonary hypoplasia according to Askenazi and Perlman®

Laudy and Wladimiroff

9

LW : BW ratio Radial alveolar count Pulmonary hypoplasia
< 0.009 Not obligatory Likely

0.010 to 0.012 Indicated for confirmation of diagnosis Probable

0.013 to 0.017 Required Possible
> 0.018 Probably not indicated Unlikely

method to determine pulmonary hypoplasia®**. The lung
weight to body weight ratio (LW : BW ratio) is the most
consistently used method of diagnosing pulmonary
hypoplasia®®!?3=25° The normal LW : BW weight ratio
at term is 0.018-0.022"""". Wigglesworth et al.*® pro-
posed to use 0.012 as the lower limit of normality = 28
weeks of gestation and 0.015 before 28 weeks’ gestation.
When either lung weight or LW : BW ratio is used to
diagnose pulmonary hypoplasia, it is important to realize
that lung weight is altered by conditions causing pulmon-
ary congestion or edema. Postnatal absorption of fluid also
effects lung weight. Askenazi and Perlman'® suggested the
combination of the LW : BW ratio with the radial alveolar
count (see following paragraph) to address these con-
founding variables. They proposed the following guidelines
for the diagnosis of pulmonary hypoplasia (Table 2).

Morphometric radial alveolar count

The radial alveolar count (RAC) offers a simple objective
assessment of alveolar development, as originally proposed
by Emery and Mithal®®. They estimated the number of
alveoli cut by a line which was dropped at right angles to
the epithelium from the center of terminal respiratory
bronchioles to the nearest connective tissue septum. At
least 10 counts were made for each fetal lung, mainly from
two to three histologic sections. The mean value for RAC is
taken as a measure of lung maturation. They found an
increase of the mean RAC in relation to gestational age,
which has also been confirmed by other studies®®2,
Askenazi and Perlman'® used a modification of the method
of Emery and Mithal, meaning that they counted the
alveolar septi instead of alveoli (RAC = alveolar septal
count — 1). In this study only two fetal age groups, less or
more than 36 weeks of gestation, were evaluated and no
differences between the groups were found. No detailed
information on a fetal age-dependent increase in the RAC
values was obtained. The mean RAC for controls was 5.3
(SD 0.6) in this study and an RAC value <75% of the
mean normal value as defined by each individual labora-
tory was recommended as diagnostic for pulmonary
hypoplasia.

DNA estimation performed at autopsy

Although the amount of lung DNA increases with
gestation, it decreases in proportion to total body weight.
Lung hypoplasia defined in terms of LW : BW ratio was
associated with low lung DNA content for gestation, even
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when corrected for body weight®®. Studies have shown that
the lung DNA of infants with pulmonary hypoplasia
delivered at 34-40 weeks’ gestation is equivalent to the
lung DNA of normal fetuses at 20-22 weeks. A cut-off of
less than 100 mg DNA per kilogram of body weight has
been proposed to diagnose pulmonary hypoplasia®’.

PRENATAL PREDICTION OF PULMONARY
HYPOPLASIA

An accurate prenatal test for detecting pulmonary hypo-
plasia is highly desirable from the obstetrician’s point of
view, because of the high perinatal mortality rate. Since the
prediction of the non-lethal forms of pulmonary hypopla-
sia will not drastically change obstetric management, the
reliable prenatal prediction of the lethal form might alter
obstetric management. Therefore we need an accurate and
patient-friendly method of separating lethal from non-
lethal pulmonary hypoplasia. The following parameters/
methods have been proposed.

Premature rupture of membranes and persistent
oligohydramnios

The relationship between premature rupture of membranes
(PROM) and pulmonary hypoplasia was a subject of study
of several authors??~23-273%51:63:64 " Nimrod et al.*?
studied 100 singleton pregnancies in which PROM
occurred more than 1 week prior to delivery. They revealed
that the greatest impact of prolonged ruptured membranes
on fetal development was seen in patients in whom
membrane rupture occurred prior to 26 weeks’ gestation
and the duration of the rupture was more than 5 weeks.
Rotschild et al.* reviewed 88 neonates who were born
after prolonged PROM of = 7 days with the onset of the
rupture before 29 weeks’ gestation and in 14 of them
(16%) pulmonary hypoplasia was diagnosed. They
revealed that gestational age at the time of rupture of the
membranes was the best predictor of pulmonary hypopla-
sia, with no cases occurring with PROM after 26 weeks,
whereas the duration and degree of oligohydramnios
showed no correlation with pulmonary hypoplasia. These
authors created a relating probability of pulmonary
hypoplasia to gestational age at PROM derived from
estimated logistic regression. According to this curve the
probability of pulmonary hypoplasia in a patient with
PROM at 19 weeks is 50%. Vergani et al.®* calculated this
estimated probability of 50% to develop pulmonary
hypoplasia when the rupture of membranes occurs at
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25 weeks of gestation. This difference may be due to the
fact that the latter used a subgroup of patients who had
amniotic fluid pockets of less then 2 ¢cm during the latency
period. In the study of Vergani et al.%® with a prevalence of
pulmonary hypoplasia of 28% in a group of women
(n = 54) with PROM <29 weeks and delivery after
25 weeks, gestational age at premature rupture of mem-
branes and oligohydramnios were independent predictors
of the occurrence of pulmonary hypoplasia. This is in
agreement with the data from Kilbride et al.>” who studied
108 patients with PROM <29 weeks. Of the 40 infants
who died in this group, 23 had lung hypoplasia. The
authors concluded that severe oligohydramnios > 14 days
after premature rupture of membranes at <25 weeks’
gestation has a predicted neonatal mortality of > 90%. Of
these infants 87% died of pulmonary hypoplasia. In a
study of Van Dongen et al.>*, however, neither the duration
of PROM nor the gestational age at the time of rupture
showed any impact on the occurence of lung hypoplasia.

Persistent severe oligohydramnios appears to be a poor
prognostic sign which is associated with a poor fetal
outcome?”-¢3¢377 Whereas some authors revealed that
persistent severe oligohydramnios is an independent
significant predictor of lung hypoplasia®”®3, others imply
that this is co-dependent of gestational age at the time of
PROM, and does not predict pulmonary hypoplasia when
evaluated alone®>-63-66:68,

Absence of fetal breathing movements

The relationship of fetal breathing movements and
pulmonary hypoplasia has been vigorously disputed.
However, data on the predictive value of the presence or
absence of fetal breathing movements are still contra-
dictory. Both Blott and Greenough®~"! showed a sensi-
tivity and predictive value of the absence of fetal breathing
for pulmonary hypoplasia up to 100%. Although in a
study of Roberts and Mitchell®® breathing movements
were seen in fetuses with pulmonary hypoplasia, they
found a significant reduction in this group compared to
those that did not develop pulmonary hypoplasia and
controls. In contrast, others have demonstrated that fetuses
with oligohydramnios and pulmonary hypoplasia spend
significantly more time breathing when compared to
fetuses with similar conditions and normal develop-
ment’>"3. Nevertheless, there are also reports that failed
to determine any correlation between the absence of fetal
breathing movements and pulmonary hypoplasia®”>”4~7,
These conflicting findings are probably the result of
different definitions of fetal breathing, different selection
criteria resulting in different sample populations and
different diagnostic criteria for pulmonary hypoplasia.
The many factors which affect fetal breathing are also not
always controlled®””. Despite these differences most work
supports the suggestion that the presence or absence of
fetal breathing movements does not prevent or confirm
pulmonary hypoplasia, especially in isolated examinations.
Nevertheless, the persistent absence over several weeks is
probably a poor prognostic sign®”*.
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Figure 2 Normal reference ranges (P95, P50, P5) of the thoracic
circumference (TC, mm) in relation to gestational age (GA, weeks),
constructed from 111 normal singleton pregnancies. Formula

TC = — 135.34 + 16.306 x GA — 0.149 x GA2 £ 1.645 x
[1.35 + (0.284 x GA)] x 1.2533. P, percentile.

A study of Fisk et al.”® demonstrated that restitution of
amniotic fluid volume in human pregnancies complicated
by severe oligohydramnios does not acutely alter the
incidence of fetal breathing movements, suggesting that
impairment of fetal breathing is not the mechanism for
oligohydramnios-related pulmonary hypoplasia.

Biometric indices

Since the fetal thorax normally grows at a regular rate
from 16 to 40 weeks, a linear correlation exists between
thoracic size and gestational age (Figure 2). Ratios between
thoracic size and other biometric indices (biparietal, head
circumference diameter, abdominal circumference and
femur length) remain constant with a high correlation
coefficient in normal pregnancies®®”?~82, Measurements of
the thoracic circumference are obtained in an axial section
through the fetal thorax at the level of the four-chamber
view of the heart, with the atrioventricular valves in
diastole®. The reported measurements for thoracic circum-
ference vary among different series, probably because of
differences in the plane of section and the amount of tissue
included in the measurement. For example, some series
include the skin and subcutaneous tissues of the thorax in
the measurements of thoracic circumference, while others
measure the thoracic circumference at the outer, mid or
inner perimeter of the rib cage®?.

Several investigators have attempted to predict lethal
pulmonary hypoplasia by using fetal two-dimensional
biometric parameters such as thoracic circumference and
lung length measurements, interthoracic relationship
nomograms (thoracic circumference versus biparietal
diameter, head circumference, abdominal circumference
or femur length), thoracic circumference to abdominal
circumference ratio, thoracic area (TA) minus heart
area (HA), HA/TA ratio and (TA — HA) x 100/
TASS-68.7479:83-91 " Although the first reports®®’83785 on
the application of fetal thoracic circumference measure-
ments in the prediction of lung hypoplasia were quite
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promising, other and some more recent studies revealed
that this measurement has a lower sensitivity and accuracy
compared with other methods in the prenatal prediction of
lung hypoplasia®#¢=88, Vintzileos et al.*® compared six
different ultrasonographic methods for predicting lethal
fetal pulmonary hypoplasia and found that the
(TA — HA) x 100/TA parameter had the best diagnostic
accuracy. Roberts and Mitchell”* demonstrated that lung
length measurements were superior to fetal chest circum-
ference measurements in the identification of pulmonary
hypoplasia. Yoshimura et al.®” showed in 1996 that the
application of lung area and the thoracic circumference/
abdominal circumference ratio were the best clinical
parameters for this purpose and that there were significant
linear relationships between lung weight and lung area and
between the LW : BW ratio and the thoracic circumference/
abdominal circumference ratio. Lately, Merz et al.®
displayed in 1999 that in comparison with other measured
parameters, the lung diameter appears to be the only
reliable parameter for detecting pulmonary hypoplasia.

It should be emphasized that most studies represent very
heterogeneous and overall relatively small patient cohorts
and use different definitions of thoracic circumference
dimensions and lung hypoplasia. This makes it difficult to
compare and consequently to select the best prenatal
predicting test. The positive predictive prenatal value of any
of these reported tests should be 100% accurate in order to
alter the obstetric management as Vintzileos®' stated in
1996. Therefore, biometry alone cannot achieve such a
high degree of prediction, which is probably determined by
the diversity of etiologies of lung hypoplasia.

Harstad et al.”* compared the ultrasonographic circum-
ference and area measurements and their ratios of the fetal
chest and heart with magnetic resonance imaging (MRI)
measurements performed in a fashion similar to sono-
graphy. They concluded that MRI does not offer any
advantages over sonographic evaluation in the diagnosis of
fetal pulmonary hypoplasia.

Perinasal flow

Fetal upper respiratory tract function was studied by Fox
et al.”® using color flow Doppler in five cases of antenatally
diagnosed congenital diaphragmatic hernia and in 16 cases
of uncomplicated pregnancies at gestational ages ranging
from 27 to 38 weeks. Fetal breathing related nasal and
oropharyngeal fluid flow was seen at the level of the nose
in all cases with uncomplicated pregnancies. Fetal breath-
ing movements were present in all five cases of congenital
diaphragmatic hernia, so its presence or absence did not
help to distinguish between those infants that died and
those that survived. This was consistent with previous
work from this group”?. However, four of the fetuses who
survived, demonstrated perinasal fluid flow, whereas the
fetus who died of pulmonary hypoplasia did not. These
preliminary observations need to be further investigated by
a larger case series to point out whether this technique can
be a marker for prenatal prediction of pulmonary
hypoplasia.
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Figure 3 Normal reference ranges (P35, P50 and P95) of fetal lung
volume (mL) relative to gestational age (weeks) with 95%
confidence intervals for the P50 (dotted curves)®®.

Three-dimensional lung volume measurements

Adequate development and available volume are major
contributors to total functional lung tissue”*”°. Recent
reports have demonstrated the possibility of fetal lung
volume assessment using echo-planar magnetic resonance
(MRI)®®, or three-dimensional ultrasonography”**”=°? and
concluded that these techniques would have useful
applications in the prenatal prediction of pulmonary
hypoplasia. Fetal lung volume demonstrates a close associ-
ation with the gestational age® ™ (Figure 3) and fetal
weight’®. As expected, the right lung volume measured
consistently greater than left lung volume®**°. Examina-
tions of the fetus in utero by MRI are limited because of
relatively long acquisition times, artifacts caused by fetal
movements, high costs, and limited acceptance of pregnant
women, whereas three-dimensional ultrasonography offers
a fast and easy means with a high patient acceptability for
both surface rendering and determination of fetal organ
volume®” =192, It should be realized that these measure-
ments are indirect determinations of lung volume. In the
studies of Lee et al.’” and Laudy et al.”® total fetal volume
was calculated by subtracting fetal heart volume from
thoracic volume using the three perpendicular transverse,
sagittal and frontal planes of the fetus, whereas D’Arcy et
al.®® described a procedure based on direct contouring of
both fetal lungs. Péhls and Rempen®® introduced another,
third method. They performed volumetric evaluation of
each separate lung in each of the three perpendicular
planes and point at the reduced imaging conditions which
may occur in the frontal and sagittal planes of the fetal
lung during the second and third trimesters of pregnancy.
Underestimation of fetal lung volume in fetuses beyond
34 weeks of gestation occurred since complete volumes
could not be obtained due to the swiveling angle of the
probe being too small. It was suggested that wider scanning
angles and faster scanning procedures are expected to
improve the volumetric measurements. The volume data of
Pohls and Rempen®® were significantly small compared to
data derived by the method of Lee and coworkers””. These
differences may be due to inclusion of other mediastinal
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organs such as the thymus, vessels, trachea and esophagus
within the lung volume measurements performed by Lee
et al.”” Measurement variation may also be expected from
cardiac volume measurements since they involve the beating
fetal heart with varying volumes depending on the phase of
the cardiac cycle at the time of the measurement.

General limiting factors of three-dimensional ultrasound
result from non-favorable scanning conditions, such as
oligohydramnios, severe obesity and the absence of tissue
borderlines on the one hand and moving artifacts like body
movements, breathing motion and heart action, on the
other hand”*-'%°.

The applicability of three-dimensional ultrasonography
in the prediction of lung hypoplasia still needs to be
determined.

Doppler velocimetry

Doppler ultrasound is a technique for measuring the
velocity of red blood cells or other moving fluid that
reflects echoes from the area of insonation of the ultrasonic
beam. The difference (fp) between the frequency of the
ultrasound beam (fo) and the received echo is determined
by the Doppler equation: fp = (2fy cos a)/c, where « is the
solid three-dimensional angle between the ultrasonic beam
and the direction of flow and c is the speed of ultrasound in
the medium'®>'%*, Flow velocities can be estimated from
several Doppler shift frequency components of the Doppler
power spectrum. The maximum waveform is the most
convenient waveform to use and has been used to deter-
mine indices for downstream impedance'®’. These Doppler
indices described as the pulsatility index [PI=
(PSV — EDV)/TAV]'%¢, resistance index [RI =
(PSV — EDV)/PSV]'?” or systolic/diastolic ratio (S/D)'%%,
are angle-independent and can determine the pulsatility of
the Doppler waveform; (PSV, peak systolic velocity;
EDV, end-diastolic velocity; TAV, maximum time-averaged
velocity). These ratios describe the hemodynamic phenom-
ena both proximal and distal to the point of measurement,
such as peripheral resistance, cardiac contraction force,
vessel compliance, blood viscosity and heart rate'®*.

Combined two-dimensional real-time and Doppler
sonography offers a unique non-invasive technology for
investigation of the circulatory system. Since its introduc-
tion, a host of information has appeared relating to the
early and late human fetal and placental blood flow under
normal'®®="* and abnormal conditions'"*~''8, It has been
demonstrated that the normally developing fetus during
the second half of gestation is characterized by a low feto-
placental vascular resistance with well-defined and repro-
ducible arterial, cardiac and venous flow velocity wave-
forms''1"? The addition of color Doppler has made it
possible to determine flow directions at cardiac and extra-
cardiac levels'20-122,

In 1990, Van Eyck et al.'?® reported on Doppler
evaluation of the fetal ductus arteriosus in the prediction
of pulmonary hypoplasia. Ductal blood flow in the fetal
lamb is modulated by lung expansion'?*, as a result of
opening of the pulmonary vascular bed with subsequent
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reduced shunting of right ventricular output through the
ductus arteriosus. In the study of Van Eyck'*?) breathing
related modulation of blood flow was calculated by
subtracting the peak systolic velocity during expiration
from the peak systolic velocity during inspiration in the
ductus arteriosus. Normal ductal blood flow velocity
modulation values were associated with normal neonatal
lung performance reflecting a decreased pulmonary vas-
cular resistance during lung expansion. Reduced ductal
blood flow velocity modulation values were associated
with pulmonary hypoplasia which was hypothesized to
result from impaired development of the pulmonary
vascular bed.

Reed et al.'*® used two-dimensional and pulsed Doppler
ultrasound techniques to examine the pulmonary artery
and aorta. They revealed that the human fetal pulmonary
artery is usually larger than the aortic outflow region (ratio
1.2 : 1), whereas maximal Doppler flow velocities are
usually higher in the aortic outflow region (< 31 weeks
ratio 1.1 : 1; = 31 weeks ratio 1.2 : 1). Maximal and mean
pulmonary artery and mean aortic outflow Doppler flow
velocities did not change with advancing gestation,
whereas maximal aortic outflow Doppler velocity
increased with gestation. Overall, volume flow calculated
across the pulmonary valve was greater than volume flow
across the aortic valve (ratio 1.3 : 1). This is consistent
with earlier work'?® demonstrating a 1.3 : 1 ratio of
transvalvular volume across the tricuspid compared to the
mitral valve and confirms the evidence of right-heart
dominance in the human fetus. Blood flow through the
lungs was investigated in 38 normal fetuses by St John
Sutton et al.'?” and was assessed indirectly as the
difference between flow in the pulmonary artery and
ductal flow. This flow increased exponentially with
gestational age by almost four-fold between 18 and
37 weeks of gestation.

The introduction of more sensitive color-coded Doppler
systems has led to identification of the human fetal

pulmonary circulation'**'3! (Figure 4). Consequently,

Figure 4 The fetal pulmonary circulation visualized with color
Doppler from a cross-section of the fetal chest at the level of the
cardiac four chamber view. Sp, fetal spine; H, fetal heart.
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Figure 5 The characteristic Doppler flow velocity waveform
obtained from the proximal branch of the pulmonary artery in the
human fetus.

Doppler velocimetry has recently been used to study both
the arterial'?®13271** and venous'**!**~'*° pulmonary
circulations in normal human fetuses. Most Doppler
studies of the human fetal pulmonary circulation have
been performed in the proximal arterial pulmonary
branches and have demonstrated a unique Doppler wave-
form pattern'3?~1*! (Figure 5). Agreement exists regarding
the nature of the systolic component of the proximal
arterial pulmonary waveform, which is characterized by a
rapid initial flow acceleration phase followed by an equally
rapid deceleration phase. However, opinions differ towards
the end-diastolic component, ranging from forward flow
being absent'?®, present'3*=13¢140 o1 4 combination of
present and absent flow'?. Further, discrepancies appear
to exist regarding reported peak systolic velocities in the
proximal arterial pulmonary branches, which vary from a
significant increase!?®133135:139,140 4, ooqrational age
independency'*>'**. Finally, in the same vessel the
pulsatility index together with the resistance index!37!38
have been described as remaining con-
stant! 28134 137,138,140,141 o Jemonstrating a gestational
age-related decrease!3>135:138:13%  probably sample site
and equipment-related differences (high-pass filter setting)
play a role in the occurrence of these discrepancies. This
emphasizes the need for standardizing recording techni-
ques. The physical basis for the shape of the human fetal
pulmonary arterial flow velocity waveform remains
speculative, and is probably determined by several factors
such as vascular pressure, resistance, impedance, vessel
compliance and ventricular contractility'®®. This profile
partly resembles the waveforms recorded in pulmonary
arteries in fetal lambs by chronically implanted cuff-type
electromagnetic flow transducers'>®. These profiles show
forward flow with a sharp peak early in systole with
almost no flow during mid-systole, and reverse flow
during late systole and early diastole; throughout the
remainder of diastole there is no significant forward or
backward flow. This velocity pattern has been explained
on the basis of a high (relative to systemic) pulmonary
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vascular resistance and the presence of a patent ductus
arteriosus %!,

Several studies have reported on Doppler velocimetry of
fetal peripheral arterial pulmonary branches in uncompli-
cated pregnancies!3>138:142-144 ' AJso here, methodological
differences such as defining the Doppler sample site for
distal pulmonary arteries have made a comparison
difficult. Rasanen et al.'*® examined fetal distal branch
pulmonary arterial vascular impedance and analyzed the
relationships between proximal (after the bifurcation of
the main pulmonary artery) and distal (beyond the first
bifurcation of the branch pulmonary artery) pulmonary
arterial blood velocity waveforms. Achiron et al'*
defined peripheral pulmonary artery blood flow as flow
located 10-15 mm beyond the first bifurcation of the
pulmonary artery branch. Data in the study by Mitchell
et al.’*® and Laudy et al.'** were obtained in the middle
portion of the fetal lung and by Rizzo et al."** and Laudy
et al'™ in the most distal area of the fetal lung.
Nevertheless, Rasanen'>? observed a decrease in pulsatility
index until 31 weeks of gestation followed by a constant
pattern thereafter, whereas Mitchell'®® and Rizzo'**
established a significant reduction in pulsatility index (or
resistance index) throughout the second half of gestational
age. Achiron et al.'® showed that the PI did not change
with gestation, although there was a statistically significant
increase when comparing the period of 14-17 weeks and
the remainder of pregnancy. In the study of Laudy ez al.'**,
the pulsatility index from the middle arterial pulmonary
branches showed a significant decrease from 20 to 29
weeks followed by a significant increase from 32 weeks to
term and from the distal arterial pulmonary branches a
significant decrease from 20 to 26 weeks and a rise from
31 weeks until term. None of these Doppler flow velocity
studies could detect significant differences between right
and left arterial pulmonary branches.

Increased pulmonary vascular resistance and reduced
pulmonary arterial compliance may be the result of
underdevelopment and structural changes (decreased
total size of the pulmonary vascular bed, reduced vessel
count per unit of lung tissue and increased pulmonary
vascular mascularization) of the pulmonary vascular bed as
seen in postmortem findings of pulmonary hypoplasia'®'3.
These alterations could effect pulmonary blood flow and
consequently induce changes in pulmonary flow velocity
waveforms as recorded by Doppler ultrasonography. From
this point of view, it has been hypothesized that fetal
arterial pulmonary Doppler velocimetry may play a role in
the prediction of pulmonary hypoplasia. So far, only a few
papers including two abstracts have dealt with this
particular issue 138 14L143152.153 1 4y dy and coworkers!>2
observed a significant reduction in pulmonary artery
systolic and diastolic velocities in a case of fetal pulmonary
hypoplasia due to bilateral obstructive uropathy. Further,
there were marked changes in the shape of the pulmonary
arterial waveform, characterized by a second needle-
shaped peak occurring during mid-systole, which was
even higher than the first systolic peak. The presence of
reduced volume flow and/or raised downstream impedance
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may have been responsible for these Doppler velocity
changes'*?. Mitchell and coworkers'*® studied a group of
10 fetuses with multicystic dysplastic kidney disease and
pulmonary hypoplasia. This group did not have signifi-
cantly different Doppler waveforms in the main pulmonary
artery and in the proximal pulmonary arteries compared to
the control group. However, Doppler recordings from the
peripheral pulmonary arteries demonstrated a high-resis-
tance pattern quite different from that of normal fetuses.
Achiron et al.'** demonstrated that PI measurements from
the right peripheral pulmonary artery in four fetuses with
proven lung hypoplasia were within the 95% confidence
limits of those for normal fetuses (7 = 96). Based on these
preliminary data, they suggest that the PI of the lung
circulation is a poor indicator of lung hypoplasia. Two
abstracts have appeared on the value of arterial pulmonary
Doppler flow cases of lung hypoplasia associated with
diaphragmatic hernia*®'*!, The first'*® reported reversed
diastolic flow in the right pulmonary artery from three
fetuses with diaphragmatic hernia, all of which died after
birth from lung hypoplasia. In the second'*! five fetuses
were examined with congenital diaphragmatic hernia,
although the exact sampling size was not given. A normal
or reduced pulsatility index was shown in two of these
fetuses who died from hypoplasia, whereas increased PI
was found in the other three fetuses which underwent
surgery and had a good outcome. More recently, two other
reports have questioned the usefulness of Doppler veloci-
metry of the proximal arterial pulmonary circulation in the
prediction of pulmonary hypoplasia'®*>'53, Yoshimura ez
al."®® investigated five fetuses at risk for pulmonary
hypoplasia (two hydrops fetalis, two thanatophoric dwarf-
ism and one bilateral agenesis). They revealed that
pulsatility index values were high and the peak systolic
flow was significantly lower than in the healthy fetuses. In
the group of Chaoui et al.">? nine cases were examined
with autopsy-proven lung hypoplasia after termination of
pregnancy (19-23 weeks, four bilateral renal malforma-
tions, two diaphragmatic hernia, three miscellaneous
malformations including heart defects). Normal values
were found in the end-systolic reverse flow in all cases,
decreased peak systolic velocity in three of nine cases and
increased pulsatility index in six of nine cases. The latter
six cases were all fetuses with renal malformations and
diaphragmatic hernia and it was suggested that increased
P1 is the best parameter to detect flow abnormalities in this
condition. It should be pointed out that all these reports
present data from very small heterogeneous patient series
and do not represent cases of premature rupture of
membranes, which is considered one of the most common
causes of pulmonary hypoplasial38-141:143:152.153 " Nevyer-
theless, they suggest that Doppler velocity waveform
changes — although different in each of the papers — may
occur in well-established cases of pulmonary hypoplasia.
However, whether this implies that Doppler assessment of
the fetal arterial pulmonary circulation allows accurate
differentiation between lethal and non-lethal pulmonary
hypoplasia, needs to be substantiated in prospective larger
series. Only then can a more realistic view of the clinical
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significance of Doppler velocimetry in the detection of
lethal lung hypoplasia be obtained.
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