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  Life is not measured by the number of breaths we take 
 but by the places and moments that take our breath away

     

Voor mijn ouders
en Oscar Reinder
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General introduction 

Potter first described pulmonary hypoplasia in 1946 in infants who died with bilateral renal 
agenesis 1. Originally the term Potter syndrome was used to describe the typical physical 
characteristics; flattened nose, recessed chin, prominent epicanthal folds, low-set abnormal 
ears, and clubbed feet and/or bowing of the legs in combination with pulmonary hypoplasia, 
caused by a decreased or absent amniotic fluid, secondary to bilateral renal agenesis. 

The definition for fetal and neonatal pulmonary hypoplasia is, a reduction in the number 
of lung cells, airways and alveoli, resulting in a lower organ size and weight 2,3. The 
incidence is 1.1 per 1000 live births.  The mortality rate due to this condition is 
high, ranging from 55 to 100%. But non-lethal forms also exist and have been diagnosed 
postnatally by clinical and radiological findings 3-6. An accurate and reliable method to predict 
prenatally the outcome in cases with suspected impaired lung growth, may have a substantial 
impact on prenatal and perinatal care. Therefore 2-dimensional (2D) ultrasonography, magnetic 
resonance imaging (MRI) and 3-dimensional (3D) ultrasonography have been used to diagnose 
pulmonary hypoplasia prenatally 7-19.

Etiology and pathogenesis

Pulmonary hypoplasia may be a primary or secondary phenomenon. Swischuk et al. firstly 
described the primary bilateral form of pulmonary hypoplasia 20.  However most cases 
of pulmonary hypoplasia are secondary to congenital disorders or complications during 
pregnancy causing thoracic compression, inhibition of fetal breathing movements or a net 
loss of lung fluid. Scherer et al. compiled an extensive list of disorders and complications 
associated with pulmonary hypoplasia (Table 1) 4.

Several mechanisms have been suggested to explain the pathogenesis of pulmonary hypo-
plasia. The three most described mechanisms are:
Thoracic compression
Extrinsic thoracic compression for example due to oligohydramnios or skeletal dysplasia 
leads to reduced space available for lung growth 21,22. Oligohydramnios causes direct com-
pression of the uterine wall on the fetal chest, or causes indirect compression of the abdo-
minal wall with elevation of the diaphragm. Intrinsic thoracic compression, for example 
due to hydrothorax, pleural effusion, and diaphragmatic hernia also causes reduced space 
for lung growth 4,21,22.

Introduction & Aims of the thesis
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Inhibition of fetal breathing movements
Intrauterine fetal breathing movements (FBM), seen with ultrasound, are a normal phy-
siologic phenomenon and have an important role in lung growth and histological lung 
maturation in animals and humans 23,24. The role of FBM in the development of pulmonary 
hypoplasia in human fetuses is unclear. At first it was hypothesized that the lack of FBM 
resulted in a decrease of fluid inflow and limit the lung expansion, causing pulmonary 
hypoplasia. However more recent studies revealed that more fluid is lost during breathing 
episodes than during apnea. So instead of causing pulmonary hypoplasia, it has been sug-
gested that the cessation of breathing movements may be an attempt by the fetus to retain 
lung fluid, which causes a protective effect 25.

Loss of lung fluid

Fluid production in the fetal lung contributes up to one-third of total amniotic fluid volume. 
Increased outflow to the amniotic cavity may result in pulmonary hypoplasia by interfering 
with normal airway expansion in utero 26,27. This occurs when intrathoracic pressure exceeds 
intra-amniotic pressure, due to oligohydramnios. A second hypothesis is that lung fluid 
perhaps contains growth factors, acting on the respiratory epithelium 28. Further research 
needs to be done to confirm this hypothesis.

Table 1   Disorders and complications of pregnancy associated with pulmonary hypoplasia4

Oligohydramnios Premature rupture of the membranes, uteroplacental insufficiency

Renal and urinary tract anomalies Bilateral renal agenesis, renal dysgenesis, bladder outlet obstruction 

Skeletal malformations   Thanatophoric dwarfism, arthrogryposis, osteogenesis imperfecta,  
 short rib polydactyly syndrome, campomelic dysplasia

Neuromuscular pathologies Pena-Shokeir, amyoplasia of the diaphragm, phrenic nerve agenesis 

Central nervous system anomalies Anencephalus, Arnold-Chiari, adrenal hypoplasia 

Intrathoracic masses Diaphragmatic hernia, congenital cystic adenomatoid malformation,  
 extralobar lung sequestration, bronchogenic cyst 

Other conditions causing Pleural effusions, chylothorax, hydrops fetalis 
compression of the fetal thorax 

Abdominal wall defects Omphalocele, gastroschisis 

Cardiac lesions Hypoplastic left heart, pulmonary stenosis, Ebstein’s anomaly,  
 hypoplastic right heart

Syndromes associated with Trisomy 13, trisomy 18, trisomy 21 
pulmonary hypoplasia

Chapter 1
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Prenatal diagnosis of pulmonary hypoplasia

Amniotic fluid volume

Several reports have evaluated the relationship between the amount of amniotic fluid, the 
age at rupture of the membranes and/or the period between rupture of the membranes and 
delivery and the risk of pulmonary hypoplasia 8,29-38. Most studies conclude that the more 
severe the oligohydramnios, the earlier the event of premature rupture of the membranes 
(PROM) occurs (before 26 weeks gestation), and/or the longer the period between rupture 
of the membranes and delivery is, the greater the impact on the developing lung. But using 
these parameters or a combination of these parameters it is not possible to distinguish the 
fetuses with pulmonary hypoplasia from the fetuses with normal lung development 8,29-38. 

Perinasal flow

It is possible that the fetal upper respiratory tract plays an important role in maintaining 
lung volume by retaining lung fluid inside the airway. With color Doppler ultrasound imaging 
the perinasal flow can be studied directly 39,40. The presence of perinasal fluid flow can be 
attributed to the fetal airway smooth muscle contractions or to contractions of oropharyngeal-
laryngeal muscle groups. This has a stimulatory effect on the initiation of gross fetal breathing 
movements, principally mediated by their action in moving the liquid in the fetal upper 
respiratory tract. Only a few small studies examined fetal perinasal flow in antenatally 
diagnosed diaphragmatic hernia 41-43. The absence of perinasal flow may be related to weak 
fetal breathing movements and could be a marker for prenatal prediction of pulmonary 
hypoplasia. But larger studies are necessary to validate this hypothesis. 

Fetal breathing movements 
If the absence or a lower rate of fetal breathing movements can predict lethal pulmonary 
hypoplasia is controversial. Some studies concluded that the absence of fetal breathing 
movements was associated with neonatal death due to pulmonary hypoplasia. Whereas the 
presence of fetal breathing movements was associated with a good perinatal outcome 44-47. 
Others concluded that fetuses with pulmonary hypoplasia showed breathing activity but 
significantly less than those without pulmonary hypoplasia 48,49. But most studies support 
the conclusion that the frequency and rate of FBM have no value in predicting pulmonary 
hypoplasia and outcome after birth 41,50-54. 

2D ultrasound measurements: thorax measurements
The major space-occupying components of the intrathoracic space are the lungs and heart. 
Because the combined size of the lungs is much larger than the heart, a decrease in lung 
mass secondary to pulmonary hypoplasia should be reflected by a decrease in chest dimensions.

Introduction & Aims of the thesis
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The fetal thorax circumference and thorax area have been used to establish the diagnosis of 
pulmonary hypoplasia (Table 2) 7-9,55-59.

The thorax circumference was obtained in a transverse section through the fetal thorax  
at the level of the four-chamber view of the heart, with atrioventricular valves in  
diastole by directly tracing the outer edge of the thorax or indirectly by the following  
formula: (thoracic anteroposterior diameter + thoracic transverse diameter) * 1,57.  The thorax  
area was automatically calculated using the thorax circumference measurement by the ultra-
sound equipment. Studies using the thoracic circumference and thorax/abdominal circum-
ference ratio to diagnose pulmonary hypoplasia had contradictory results. Some reports 
revealed a high sensitivity, specificity and accuracy 9,55,56,57,59, whereas others concluded 
that the measurements failed to predict pulmonary hypoplasia 7,8,58,59 The thoracic area was 
examined in only 2 studies, 1 revealed a positive relation 9 and the other did not 7. The 
thorax area - heart area/thorax area ratio had a low sensitivity and accuracy in predicting 
pulmonary hypoplasia in 2 studies 7,58 but high sensitivity in 1 study 9. So in conclusion, 
studies on 2D thoracic measurements revealed contradictory results and no conclusions can 
be drawn. 

2D ultrasound measurements: lung measurements
Another method to determine the amount of lung tissue by ultrasonography is to measure 
the lung directly by measuring the lung length, lung diameter and lung area. Only a few 
studies used these measurements (Table 3).
       

Table 2   Ultrasonographic measurements of the fetal thorax

thorax circumference vs. gestational age or femur length 7-9,55,56,59

thorax/abdominal circumference ratio 8,9,57-59

thorax circumference x100/abdominal circumference 7

heart/thorax circumference ratio 8

thorax area vs. gestational age 7,9

thorax area - heart area vs. gestational age 7,9

thorax/heart area ratio 7

thorax area - heart area/thorax area ratio 7,9,58

Chapter 1
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The lung length is measured in a sagittal section through the fetal chest from the clavicle to 
the dome of the diaphragm during fetal apnea. The lung diameter is measured at the level of 
the four-chamber view, clavicle and diaphragm and the lung area is calculated by subtracting 
the heart area from the thorax area, or directly by tracing the lung borders.
Studies on the lung length and lung area showed contradictory results. The study of Roberts 
et al. revealed that lung length correctly identified most infants with pulmonary hypoplasia 61, 
whereas more recent studies found no difference in lung length of infants with or without 
pulmonary hypoplasia 60,62,70. Even so the lung area seems not accurate enough to predict lung 
hypoplasia in according to two studies, whereas 2 other studies found it a useful parameter 
to predict pulmonary hypoplasia 9,46,58,64.  Only 2 studies have examined the lung diameter 
and both studies revealed that lung diameter seems useful in the prediction of pulmonary 
hypoplasia 63,69.  Other studies measured the right lung/ bony thorax area ratio 65,68 and the 
bilateral lung/thorax area ratio 66. Both ratios seemed not reliable as antenatal diagnostic 
methods for pulmonary hypoplasia. A few studies measured the contralateral lung area/head 
circumference ratio in case of congenital diaphragmatic hernia. And again contradictory  
results were found 67,71-73. So in conclusion, results of the different studies were very contradictory 
and no conclusions can be drawn.

2D ultrasound measurements: pulmonary artery diameter
One study measured the proximal main and branch pulmonary artery diameters from a 
cross-sectional image through the fetal chest at the level of the 3 vessels (main pulmonary 
artery, ascending aorta and superior vena cava) in fetuses with congenital diaphragmatic 
hernia 74. They found a significant discrepancy in branch pulmonary artery size with a smaller 
ipsilateral and relative dilatation of the contralateral pulmonary artery, which correlated 
with outcome. This finding could represent redistribution of blood flow, with decreased 
flow to the ipsilateral pulmonary artery (caused by high resistance) and increased flow to 
the contralateral pulmonary artery. Also a larger main pulmonary artery diameter was sig-

Table 3   Ultrasonographic measurements of the fetal lung

lung length vs. gestational age  60-62,70

lung diameter vs. gestational age 63,69

lung area vs. gestational age 9,46,58,64

right lung/ bony thorax area ratio 65,68

bilateral lung/thorax area ratio 66

right lung area/head circumference ratio 67,71-73

Introduction & Aims of the thesis
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nificantly correlated with respiratory morbidity. This may reflect the redistribution of blood 
flow from the left side to the right side of the heart. Larger studies are necessary to confirm 
these conclusions.

Doppler: flow velocimetry of the pulmonary artery

Pulmonary hypoplasia is characterised by a decreased size of the pulmonary vascular bed, 
reduced vessel count per unit of lung tissue and increased muscularization in peripheral 
vessels. This may result in changes in pulmonary velocity waveforms 75-77.
Color and pulsed Doppler techniques are accurate and precise methods to analyse human 
hemodynamics in small vessels. Doppler ultrasonography allows the identification of the 
pulmonary artery, ductus arteriosus and venous waveforms in both normal human fetuses and 
fetuses with structural or functional pathology, such as pulmonary hypoplasia 78-81. However 
when measuring velocity waveforms in the peripheral pulmonary artery, it may have a low 
reproducibility. Also the fact that the Doppler waveforms may vary at a particular site along 
the pulmonary artery tree makes reproducibility difficult. 
 Pulsatility index (PI)
A few smaller studies investigated the use of Doppler in cases of PPROM, diaphragmatic 
hernia, skeletal disorders, renal disorders and hydrops foetalis 8,81-83. They measured the PI 
of the right proximal pulmonary artery and some studies also measured the PI of the left 
proximal artery. The results of the studies are very contradictory; some found an increased 
PI in cases of pulmonary hypoplasia 77,81, 83, whereas others found the PI not to be predictive 
for pulmonary hypoplasia 82,84.  
 Resistance index (RI)
Only one study examined the RI of the peripheral branches and found it to be significantly 
higher in infants with pulmonary hypoplasia 84. Larger studies are necessary to confirm 
these results.  

Doppler: flow velocimetry of the ductus arteriosus

Normal breathing–related flow velocimetry modulation in the ductus arteriosus was associated 
with normal neonatal lung performance reflecting a decreased pulmonary vascular resistance 
during lung expansion. The ductal flow increases exponential with advancing gestational 
age, suggesting the developing pulmonary vascular bed. In 5 fetuses diagnosed with pul-
monary hypoplasia a reduced ductal peak systolic flow velocity modulation was observed 
and appeared to be a promising predictor of neonatal lung performance 54. 

MRI: lung volume measurements
The development of ultrafast MRI has been a major advance in fetal MR imaging. Using 
acquisition techniques, such as HASTE (half-Fourier single-shot turbo spin echo) and TrueFisp, 
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images are acquired in milliseconds, precluding problems of fetal motion that lead to failure 
of conventional MR images. It enables us to make detailed anatomical assessments including 
the estimations of volumes. 
MRI has been used to measure the volume of the fetal lung 15-19,58,85-90. The cross-sectional 
area of the lung was measured on each section and the area was multiplied by the combination 
of section thickness and intersection gap to determine the volume for that section. The volumes 
for all sections were then added to determine the volume of the entire lung. 
Several reports have evaluated the relationship between lung volumes with MRI and pul-
monary hypoplasia, diagnosed at autopsy. Most studies were conducted with pregnancies 
complicated by diaphragmatic hernia 16,17,58,85,88-90. The overall conclusion is that MRI is a 
useful technique to predict pulmonary hypoplasia. Also a linear relation between the left 
and right lung volume throughout pregnancy, comparable with data of pathological exami-
nations, was noticed. So lung volumes measured with MRI seem very reliable. However it 
has limited clinical application because of the relative high costs involved and because it 
is less easy to use. 

MRI: apparent diffusion coefficient 

A second application of the MRI is the apparent diffusion coefficient (ADC), a technique that can 
remodel diffusion changes. With the ADC it is possible to study the morphologic development 
of the fetal pulmonary system in vivo. The ADC increases with gestational age, reflecting an 
increase in pulmonary vasculature. With pulmonary hypoplasia there is a decrease in total size 
of the pulmonary vascular bed, a decrease in the number of vessels per unit of lung tissue and an  
increased pulmonary vascular muscularization. This indicates that MR measurements of 
fetal lung diffusion may offer a new method of studying fetal lung maturation 91. But until 
now no fetuses with conditions that affect the lung growth have been examined yet. 

MRI: signal intensities
Some authors used the signal intensity of the lungs to differentiate normal from 
hypoplastic lungs 18,92-94. They hypothesized that in healthy fetuses the alveolar  
spaces are filled with lung fluid giving hyperintensity of the lungs. While hypointensity  
of the hypoplastic lungs seems to have been attributable to a delay of alveolar  
formation associated with oligohydramnios. Direct comparison of the lung signal intensities  
without standardization of variables is inappropriate. Therefore standardization was 
achieved by calculating the fetal lung/liver, fetal lung/spinal fluid, fetal lung/amniotic fluid 
or fetal lung/maternal muscle ( iliac/rectus abdominus) ratios 18,92. Most authors found lower 
intensities in fetuses with pulmonary hypoplasia, so MR assessment of fetal lung intensities 
may facilitate the diagnosis of pulmonary hypoplasia. But larger studies need to be conducted.

Introduction & Aims of the thesis
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3D ultrasonography: lung volume measurements
In recent years the advanced technology has permitted 3D imaging methods to be applied  
to diagnostic ultrasound, by presenting the entire volume in one single image 95. 3D ultrasound  
has the same advantages as 2D ultrasound (e.g. inexpensiveness, easy and fast applicabi-
lity and high acceptance by patients), but also has the advantage of spatial methods (e.g.  
volumetry). When measuring the volumes of irregularly shaped objects, 3D ultrasound was 
more accurate than conventional 2D ultrasound 96.
Two 3D techniques have been described; the conventional multiplanar technique and the 
rotational, also called the VOCAL (Virtual Organ Computer-aided AnaLysis) method. The 
conventional multiplanar technique displays the volume in three orthogonal sectional planes. 
In these planes a volume can be calculated by tracing the volume of interest slice-by-slice. 
The advantage of the rotational method is that it allows volume calculation by rotating  
the organ of interest around a fixed axis through a number of sequential steps. Two studies  
compared the multiplanar and the rotational method, one study in normal fetuses and one 
study in fetuses at risk for pulmonary hypoplasia 10,13. Both studies achieved a good cor-
relation between the two techniques, but measurements obtained with the multiplanar tech-
nique had a lower interobserver variability and a higher level of agreement, than those 
obtained with the rotational method. 
Several authors have measured fetal lung volumes cross-sectional with 3D ultrasonography, 
mostly multiplanar, and created reference curves. Lung volumes were measured by sub-
traction of the fetal heart volume from the thoracic volume or direct contouring of both 
the fetal lungs determined total lung volume. The multiplanar technique has shown to be 
reliable and reproducible up to 30 weeks’ gestation when measuring fetal lung volumes in 
uncomplicated pregnancies 11,12,14,97-103. With increasing gestational age it was more difficult 
to measure the fetal lungs because of inappropriate fetal position, increased ossification of 
the spine and ribs and motion artefacts due to breathing movements.
A few small studies have evaluated the role of 3D lung volume measurements as predictor 
of pulmonary hypoplasia in fetuses with suspected intrauterine growth restriction and in 
fetuses with congenital anomalies associated with pulmonary hypoplasia 10,11,102,103. A signi-
ficant difference in lung growth was seen between the fetuses with and without pulmonary 
hypoplasia. Therefore, the possible diagnostic role of 3D lung volume measurements in 
pregnancies suspected for pulmonary hypoplasia needs to be further evaluated in larger 
studies. 

3D ultrasonography: power Doppler
3D reconstruction of vasculature is possible with 3D power Doppler ultrasonography (3D 
PDU). 3D PDU is more sensitive than conventional ultrasound because the amplitude of 
the Doppler signal is analysed and not the frequency shift 104. Chaoui et al. demonstrated 
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that with 3D PDU proximal and peripheral lung arteries and veins could be traced from 
their origin into the peripheral pulmonary segments 105. Possible fields of interest in 3D 
PDU could be the analysis of the vessel architecture in suspected lung hypoplasia. The 
significance of 3D PDU in the prenatal detection of fetal pulmonary hypoplasia has not 
been established yet.

Postnatal diagnosis of pulmonary hypoplasia 

Lung weight to body weight ratio
The lung weight to body weight ratio is the most consistently used method of diagnosing 
pulmonary hypoplasia. Pulmonary hypoplasia is defined as a lung/body weight ratio beneath 
0.015 before 28 weeks’ gestation and beneath 0.012 after 28 weeks’ gestation 106. It should 
be borne in mind that lung weight is altered by conditions causing pulmonary congestion 
or edema and by postnatal absorption of fluid.

Radial alveolar count (RAC)
The radial alveolar count is an estimate of the number of alveolar saccules or alveoli in an 
acinus. At least ten counts are performed for each lung using two or three histologic sections. 
Each laboratory have to establish their own controls for RAC. The mean value for RAC is 
taken as a measure of lung maturation. A RAC less than 75% of normal is recommended 
for diagnosing pulmonary hypoplasia 107.  

Amount of lung DNA
The amount of DNA is measured in lung samples, taken at autopsy, using a  
fluorescence spectrophotometer. Although the amount of lung DNA increases  
with gestation, it decreases in proportion to total 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 106. 

Clinical and radiologic criteria
Most often pulmonary hypoplasia is a lethal lesion, but sublethal forms of lesser  
severity (usually proportional to the severity of the underlying etiologic condition)  
have been diagnosed. The three criteria above, unfortunately, cannot be examined  
in the living child with non-lethal pulmonary hypoplasia. The lethal and sublethal  
forms give a wide range of clinical presentation, course, prognosis, and eventual  
outcome. The clinical manifestations of pulmonary hypoplasia range from severe respiratory 
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failure with a high mortality rate or respiratory insufficiency associated with pulmonary 
hemorrhage, bronchopulmonary dysplasia, or a mild or transient respiratory disease 2,3. 
Radiological presentation of pulmonary hypoplasia consisted of small lung fields with 
diaphragmatic domes elevated up to the seventh rib and/or a bell-shaped chest 108.

In conclusion, pulmonary hypoplasia is a condition with a high mortality rate. In order to 
apply the best prenatal and perinatal care it is desirable to diagnose pulmonary hypoplasia 
prenatally. Until recently conventional 2D ultrasonography was the most used technique, 
but has proven not to be reliable enough to be used in clinical diagnosis and management of 
pulmonary hypoplasia. Recent studies have indicated the value of 3D ultrasonography and 
MRI. Both techniques can obtain volume estimations of the fetal lungs in utero. 
So therefore we composed the following aims of this thesis: 
 
Aims of the Thesis

The aim of this thesis was to study the prenatal diagnostic possibilities of 3D ultrasonography 
in predicting pulmonary hypoplasia.

Reference curves of fetal lungs & The effect of gender on lung size
Studies indicated that 3D ultrasonography could be applied for the estimation of  
fetal lung volume and may be useful to detect pulmonary hypoplasia prenatally 10,11,102,103.  
In order to determine the degree of pulmonary hypoplasia, nomograms of the right and left 
lung are required. Until this study nomograms of fetal lung volumes were mostly created 
using cross-sectional data 14,100,101. Charts and tables of fetal lung volumes from 18 to 34  
weeks’ gestation measured longitudinally using multiplanar 3D ultrasonography are discussed 
in Chapter 2. 
In children a relationship between gender, age and growth in predicting lung volume  
and function has been well-described 109,110. Recently it has also been suggested that gender 
related fetal weight calculation by ultrasound allows optimized prediction of fetal weight 111,112. 
Until now none of the studies measuring fetal lungs differentiated between male and female 
fetuses. Therefore valid references for volumetric measurements of the right and left fetal 
lung in male and female fetuses were created in Chapter 2.

Comparing 3D ultrasonography with magnetic resonance imaging
Recent studies showed the possibility to obtain volume estimations of the fetal lungs in utero  
with MRI and 3D ultrasonography 11,14,165-18. MRI enables us to make detailed anatomical as-
sessment including the estimations of volumes. Measuring lung volumes with MRI already 
has shown benefits over 2D ultrasonography. Chapter 3 describes the agreement of lung 
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volumes measured with multiplanar 3D ultrasonography and MRI (reference standard) in 
uncomplicated pregnancies. 

Comparing free-hand with positioning method with the integrated mechanical sweep method
Two techniques to acquire 3D volumes have been described: the free-hand with positioning 
method with a sensor directly attached to a normal ultrasound transducer and a transmitter 
to the ultrasound machine and the integrated mechanical sweep with a built-in electro-
mechanical device 95. To measure the fetal lung volume two modes have been reported: 
the multiplanar mode and the rotational (VOCAL) mode 10,13.The agreement of lung volumes 
measured using the multiplanar mode with the free-hand with positioning method and the 
integrated mechanical sweep method in uncomplicated pregnancies and the agreement 
between the two measuring techniques: the multiplanar mode and the rotational mode 
using the integrated mechanical sweep method are discussed in Chapter 4.

Pregnancies complicated by PPROM
The most serious complication of PPROM is pulmonary hypoplasia 34,113. Predicting the  
risk of pulmonary hypoplasia in pregnancies complicated by PPROM may have a  
substantial impact on prenatal and perinatal care. In Chapter 5, 3D lung volume measurements 
are compared with 2D biometric parameters in predicting pulmonary hypoplasia in pregnancies 
complicated by PPROM.

Pregnancies complicated by disorders and complications
Most cases of pulmonary hypoplasia are secondary to congenital disorders or complications  
during pregnancy causing thoracic compression, inhibition of fetal breathing movements 
or a net loss of lung fluid 4,5. In Chapter 6, 3D lung volume measurements are compared 
with 2D biometric parameters in predicting pulmonary hypoplasia secondary to congenital 
disorders or complications during pregnancy.

Pregnancies complicated by diaphragmatic hernia
Survival of infants with congenital diaphragmatic hernia depends on the presence  
or absence of other defects, the degree of associated pulmonary hypoplasia and the development  
of pulmonary hypertension 114,115. In Chapter 7 the role of longitudinal 3D lung volume  
measurements and 2D lung area measurements of the contralateral lung in assessing 
prognosis in infants with congenital diaphragmatic hernia was evaluated.

Doppler velocimetry of the ductus arteriosus as diagnostic method 
Postmortem studies have shown that pulmonary hypoplasia is characterised by a decreased 
size of the pulmonary vascular bed, reduced vessel count per unit of lung tissue and increased 
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muscularization in peripheral vessels 76. This results in changes in pulmonary and ductal 
velocity waveforms 8,54,76,83,84. Chapter 8 describes if the pulsatility index and resistance index 
of the ductus arteriosus, measured longitudinally, could predict the occurrence of pulmonary 
hypoplasia secondary to congenital disorders or complications during pregnancy.
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Abstract

Objective To construct reference intervals for fetal lung volumes measured longitudinally  
 using 3-dimensional (3D) ultrasound, and to evaluate the effect of gender  
 on lung size.
Methods This was a prospective, longitudinal study in the obstetric outpatient  
 department of the VU University Medical Center, Amsterdam. Seventy-eight  
 women with uncomplicated pregnancies were scanned three to four times  
 at gestational ages of 18-34 weeks. 3D models of the lung were constructed  
 using the ultrasound machine’s software. After the children were delivered  
 the entire group was reanalyzed with regard to fetal gender. Centiles for  
 the lung volumes of the entire group and for each gender separately were  
 estimated using the multilevel modeling. 
Results Charts and tables of right and left fetal lung volumes, using gestational  
 age and estimated fetal weight as the independent variables, are presented.  
 There was a significant difference in lung volume between male and female  
 fetuses at each gestational age. Charts and tables of right and left fetal  
 lung volumes for each gender at gestational ages of 18-34 weeks are also  
 presented. 
Conclusions We present valid references for volumetric measurements of the right and  
 left fetal lungs in male and female fetuses. The feasibility and reliability of  
 fetal lung volume measurements using 3D ultrasound is good.
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Introduction

Fetal and neonatal pulmonary hypoplasia is defined as a reduction in the number of lung 
cells, airways and alveoli, resulting in a smaller and lighter organ. It may result from oligo-
hydramnios, intrathoracic masses or skeletal and neuromuscular anomalies 1. The incidence 
is 1.1 per 1000 live births and the associated mortality rate is about 70% (55-100%) 1.
Conventional two-dimensional (2D) ultrasound, which is used routinely in obstetrics, 
has not proved sufficiently reliable to be used in the clinical diagnosis and management 
of pulmonary hypoplasia 1-8. However, recent studies have indicated the value of three- 
dimensional (3D) ultrasound. This technology has the same advantages as 2D ultrasound of 
cost-effectiveness, ease and speed of use, and patient acceptability, but, in addition, enables 
visualization of perpendicular planes simultaneously (multiplanar imaging) and measurement 
of the volume of different organ systems (volume rendering) 9-17. 
Recent studies indicate that 3D ultrasound can be used in the estimation of fetal lung volume 
and that measurements are reproducible up to 30 weeks’ gestation 18-26. It is also anticipated 
that 3D ultrasound may be useful in detecting pulmonary hypoplasia prenatally 23,26-28. In 
order to determine the degree of pulmonary hypoplasia, nomograms of the right and left 
lung are required. In children a relationship between gender, age and growth in predicting 
lung volume and function has been well described 29,30. Recently it has also been suggested that 
gender-related calculation by ultrasound allows optimized prediction of fetal weight 31-34.
Until now nomograms of fetal lung volumes have been created mostly using cross-sectional 
data and none of the studies differentiated between male and female fetuses 18-22,24-27. We 
present charts and tables of fetal lung volumes from 18 to 34 weeks’ gestation measured 
longitudinally using 3D ultrasound and evaluate the effect of gender on lung size. 

Methods  

Sample
Between November 2002 and June 2004, we enrolled into the study 78 women who visited 
the obstetric outpatient department of the VU University Medical Center at 18-22 gestational 
weeks. All pregnancies had a known gestational age by last menstrual period, confirmed 
by sonographic measurement of the fetal crown-rump length (CRL) at 8-12 weeks or fetal 
biparietal diameter and head circumference at 12-20 weeks; gestational ages at recruitment 
were 18 (n=16), 19 (n=16), 20 (n=17), 21 (n=14) or 22 (n=15) weeks. Exclusion criteria 
were maternal complications (e.g. premature delivery) or medication that was likely to 
affect growth of fetal lungs (corticosteroids), oligohydramnios (amniotic fluid index < 5th 
centile) and the presence of fetal malformation or abnormal growth (estimated fetal weight 
< 5th centile or > 95th centile and/or abdominal circumference < 5th centile or > 95th centile). 
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Women with a pacemaker were also excluded because the transmitter necessary for the lung 
volume measurements could disturb the function of the pacemaker. The mean maternal age 
was 35 (range, 23-41) years. Seventy-two pregnancies had been conceived spontaneously, 
three resulted from in-vitro fertilization, two were conceived after intracytoplasmic sperm 
injection, and one was the result of intrauterine insemination.
No patients were lost to follow up. Infant birth weights were within normal ranges (> 10th 
and < 90th centile for gestational age), Apgar scores at 1 and 5 min were > 7 and none of the 
infants developed respiratory distress in the neonatal period. Fetal gender was not known 
before delivery so only after the children were delivered was the entire group analyzed 
again with regard to fetal gender.
The hospital ethics committee approved the study protocol and all women gave their informed 
consent before the first examination.

Measurements
Fetal biometry and lung volumes were measured three to four times during each pregnancy, 
with a mean interval of 4 (range, 3-5) weeks between measurements. All examinations were 
performed by the same examiner using a Technos MX (Esaote, Maastricht, The Nether-
lands) ultrasound machine equipped with a 3-5-MHz transabdominal annular array probe 
and with an integral 3D program. Images were acquired by moving the transducer over the 
maternal abdomen to visualize the entire fetal chest in a transverse plane from the neck to  
below the level of the diaphragm. 3D ultrasound was performed using a free-hand scanning 
technique with a position sensor attached to the transducer. Two to five volumes were  
acquired for each patient and stored on removable magneto-optical disks for off-line analysis. 
Only when diaphragm, clavicle and lung contours were visible the volumes were included 
in the final analysis. In order to standardize measurements of the lung, upper and lower 
anatomical limits were respectively set at the level of the fetal clavicles and at the dome of 
the diaphragm in the transversal and sagittal planes. The outline of each lung was traced 
manually on 5-15 slices in 5-10 min. From these 2D outlines the computer program auto-
matically constructed and rendered a 3D model of the lung, and the computer’s software 
calculated the volume of this 3D model in mL. 
To determine the relationship between the lung volumes and the estimated fetal weight, we 
measured the biparietal diameter, head circumference, abdominal circumference and femur 
length, from which estimated fetal weight was derived using the Hadlock formula 35.
To assess intraobserver variability the stored right and left lung volumes of each exami-
nation was remeasured on two further occasions by the same examiner at each gestational 
week (18-34 weeks). To assess interobserver variability, 24 scans, selected randomly, were 
measured three times by a second examiner.
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Statistical analysis
Lung development over time (i.e. growth curves) was analysed with multilevel modelling 
(or random coefficient analysis) 36,37. With this method, the individual regression curves 
were estimated and combined to obtain the population reference intervals for fetal lung 
volume. Multilevel analysis takes into account that successive measurements of each subject 
are related to each other, and by using this technique, it is not necessary to have equal time 
intervals between the successive measurement and the same number of measurements for 
each subject. This study can thus be described as a ‘mixed longitudinal study’, i.e. subjects 
were measured over different time periods. Population reference intervals were estimated 
over a broader age range (or weight range) compared with each of the individual curves. 
All multilevel analyses were performed with MLwiN (Multilevel models project, Institute of 
Education, London, UK). Intraobserver and interobserver intraclass correlation coefficients 
were calculated using SPSS for Windows, version 11.5 (SPSS Inc., Chicago, IL, USA).   
Bland–Altman plots and 95% limits of agreement between observers for lung volume  
measurements were calculated. 

Results

A total of 308 fetal lung scans from 78 different patients were recorded. Seventy-four  
patients were scanned four times and four patients were scanned three times. Of  
the 616 volumes (right and left lungs), 22 volumes (3.6%) were excluded, because  
part of the lung contour could not be identified due to unfavourable fetal position  
or fetal breathing movements: 594 volumes (478/486 (98.3%) volumes between  
18 and 30 weeks’ gestation, and 116/130 (89.2%) volumes after 30 weeks’ gestation)  
were included in the final analysis. Of these, 586 were included in the analysis of fetal lung 
volume vs. estimated fetal weight, because a small number of fetuses had an estimated 
weight between 2400 g and 2750 g and these data were excluded. Of the 78 infants, 39 were 
male and 39 were female. In the male group 150 fetal lung scans were recorded and 148 
were recorded in the female group. 
The best fits for the right and left lung volumes with gestational age (weeks) as the independent  
variable were second-order polynomial regression equation, while those with estimated  
fetal weight (g) as the independent variable were simple linear regression equations (Table 1). 
According to these equations, the mean right lung volume ranged from 4.41 mL at 18 weeks 
to 44.99 mL at 34 weeks, and from 3.99 mL (200 g) to 43.05 mL (2300 g) (Tables 2 and 4). 
The mean left lung volume ranged from 3.10 mL (18 weeks) to 33.72 mL (34 weeks) and 
from 3.30 mL (200 g) to 33.19 mL (2300 g) (Tables 3 and 5). The relationships between the 
lung volumes and gestational age and estimated fetal weight are plotted in Figure 1.

3D lung volume

 39

proefschrift franca.indd   39 2-4-2009   9:57:41



Table 1   Equations of best fit for lung volume calculated from the rendered three-dimensional models of the lung

Right lung volume  
    Mean   26,694 - 3.236*GA + 0.111*GA2 0.275 + 18.598* EFW
    SD   5.338 - 0.693*GA + 0.0259*GA2 0.741 + 0.004131*EFW
Right lung volume: male fetus  
    Mean   11.852 - 2.054*GA + 0.089*GA2 0.88566 + 0.01826*EFW
    SD   -3.352 + 0.08357*GA + 0.008625*GA2 -0.0161 + 0.004527*EFW
Right lung volume: female fetus  
    Mean   45.254 - 4.721*GA + 0.138*GA2   -0.00331 + 0.01859*EFW
    SD   22.735 - 2.208*GA + 0.0578*GA2 -0.596 + 0.005616*EFW
Left lung volume  
    Mean   16.381- 2.142*GA + 0.078*GA2 0.475 + 14.233 EFW
    SD   -2.197 + 0.04019*GA + 0.007244*GA2 0.725 + 0.002843*EFW
Left lung volume: male fetus  
    Mean   17.00122 -2.13631*GA + 0.07829*GA2 0.61163 + 0.01433*EFW
    SD   2.006 – 0.266*GA + 0.01198*GA2 0.192 + 0.002868*EFW
Left lung volume: female fetus  
    Mean   15.5995 - 2.13631*GA + 0.07829*GA2 0.59694 + 0.01379*EFW
    SD   -2.496 + 0.0166*GA + 0.00905*GA2 0.460 + 0.003315*EFW

The formula used for the volume calculation was as follows: volume = sum of all drawn contours of vol I, 
where vol I = distance i * (A + √(A*B) + B) / 3, and where A = Area of contour-1 and B = Area of contour-2 
and distance i is the distance between the slices where the contour was drawn.

Gestational age (GA) (weeks) as Estimated fetal weight  
independent variable (EFW) (g) as independent   
 variable

Table 2   Fetal the right lung volume (mL) at 18-34 completed weeks of gestation, according to gestational age

Weeks of  Percentile

gestation n  2.5th  5th  10th  50th  90th  95th  97.5th

18 15    1.55    1.91    2.32    4.41    6.50    6.91    7.27
19 16    1.82    2.26    2.75    5.28    7.81    8.31    8.74
20 17    2.19    2.72    3.31    6.37    9.43  10.03  10.55
21 16    2.68    3.31    4.02    7.69  11.35  12.07  12.70
22 26    3.28    4.02    4.87    9.23  13.59  14.43  15.18
23 15    3.98    4.85    5.86  10.99  16.12  17.12  18.00
24 19    4.77    5.79    6.97  12.97  18.97  20.14  21.17
25 14    5.67    6.86    8.22  15.17  22.12  23.48  24.67
26 27    6.68    8.05    9.60  17.59  25.58  27.14  28.50
27 20    7.81    9.36  11.14  20.24  29.34  31.12  32.67
28 14    9.03  10.79  12.80  23.11  33.42  35.43  37.19
29 18  10.36  12.34  14.60  26.20  37.80  40.06  42.04
30 22  11.79  14.01  16.54  29.51  42.48  45.02  47.23
31 23  13.34  15.80  18.62  33.05  47.48  50.30  52.76
32 11  14.99  17.71  20.83  36.81  52.79  55.90  58.63
33 14  16.73  19.74  23.17  40.78  58.39  61.83  64.83
34 10  18.60  21.89  25.67  44.99  64.31  68.08  71.38
Total 297
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Table 3   Fetal the left lung volume (mL) at 18-34 completed weeks of gestation, according to gestational age

Weeks of  Percentile

gestation n  2.5th  5th  10th  50th  90th  95th  97.5th

18 15    1.15    1.39   1.67    3.10    4.53    4.81    5.05
19 16    1.19    1.53   1.90    3.84    5.78    6.16    6.48
20 17    1.37    1.79   2.27    4.74    7.21    7.69    8.11
21 16    1.67    2.19   2.78    5.80    8.82    9.41    9.93
22 26    2.10    2.71   3.41    7.01  10.61  11.31  11.92
23 15    2.65    3.36   4.19    8.38  12.57  13.39  14.10
24 19    3.32    4.14   5.08    9.90  14.72  15.66  16.48
25 14    4.10    5.04   6.11  11.58  17.05  18.12  19.05
26 27    5.01    6.08   7.28  13.42  19.56  20.76  21.83
27 20    6.07    7.24   8.57  15.41  22.24  23.58  24.75
28 14    7.24    8.53 10.00  17.56  25.11  26.59  27.88
29 18    8.52    9.94 11.56  19.86  28.16  29.78  31.20
30 22    9.94  11.49 13.26  22.32  31.38  33.16  34.70
31 23  11.48  13.16 15.08  24.94  34.80  36.72  38.40
32 11  13.14  14.96 17.04  27.71  38.38  40.46  42.28
33 14  14.91  16.88 19.13  30.64  42.15  44.39  46.36
34 10  16.83  18.94 21.35  33.72  46.09  48.51  50.61
Total 297

Table 4   Fetal the right lung volume (mL) at 18-34 completed weeks of gestation, according to estimated fetal  
 weight (EFW) 

 Percentile

EFW (g) n  2.5th  5th  10th  50th  90th  95th  97.5th

200 23    0.48    0.92    1.42    3.99    6.56    7.07    7.50
300 27    1.42    1.97    2.60    5.85    9.10    9.74  10.28
400 28    2.35    3.02    3.78    7.71  11.63  12.41  13.07
500 17    3.28    4.07    4.97    9.57  14.17  15.08  15.86
600 20    4.22    5.12    6.15  11.43  16.71  17.74  18.64
700 16    5.15    6.17    7.33  13.29  19.25  20.41  21.43
800 13    6.09    7.22    8.51  15.15  21.78  23.08  24.21
900 15    7.02    8.27    9.70  17.01  24.32  25.75  27.00
1000 16    7.96    9.32  10.88  18.87  26.86  28.42  29.78
1100 11    8.89  10.37  12.06  20.73  29.40  31.09  32.57
1200 10    9.82  11.42  13.24  22.59  31.94  33.76  35.36
1300   9  10.76  12.47  14.42  24.45  34.47  36.43  38.14
1400 12  11.69  13.52  15.61  26.31  37.01  39.10  40.93
1500 13  12.63  14.57  16.79  28.17  39.55  41.77  43.71
1600   8  13.56  15.62  17.97  30.03  42.09  44.44  46.50
1700   8  14.50  16.67  19.15  31.89  44.62  47.11  49.28
1800 14  15.43  17.72  20.34  33.75  47.16  49.78  52.07
1900   6  16.36  18.77  21.52  35.61  49.70  52.45  54.86
2000   7  17.30  19.82  22.70  37.47  52.24  55.12  57.64
2100   5  18.23  20.87  23.88  39.33  54.78  57.79  60.43
2200   6  19.17  21.92  25.07  41.19  57.31  60.46  63.21
2300   4  20.10  22.97  26.25  43.05  59.85  63.13  66.00
2400   5  21.04  24.02  27.43  44.91  62.39  65.80  68.78
Total 293
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Table 5   Fetal the left lung volume (mL) at 18-34 completed weeks of gestation, according to estimated fetal  
 weight (EFW)

 Percentile

EFW (g) n 2.5th 5th 10th 50th 90th 95th 97.5th

200 23   0.41   0.77   1.18   3.30   5.42   5.84   6.19
300 27   1.19   1.63   2.14   4.73   7.32   7.82   8.27
400 28   1.98   2.50   3.10   6.15   9.20   9.80 10.32
500 17   2.77   3.37   4.06   7.57 11.08 11.78 12.37
600 20   3.55   4.23   5.00   9.00 12.99 13.76  14.45
700 16   4.34   5.10   5.97 10.42 14.87 15.74 16.50
800 13   5.12   5.96   6.92 11.84 16.76 17.72 18.56
900 15   5.91   6.83   7.88 13.27 18.66 19.70 20.63
1000 16   6.70   7.70   8.84 14.69 20.54 21.68 22.68
1100 11   7.48   8.56   9.79 16.11 22.43 23.66 24.74
1200 10   8.27   9.43 10.75 17.54 24.33 25.64 26.81
1300   9   9.05 10.29 11.71 18.96 26.21 27.63 28.87
1400 12   9.84 11.16 12.67 20.38 28.09 29.61 30.92
1500 13 10.63 12.03 13.63 21.81 29.99 31.59 32.99
1600   8 11.41 12.89 14.58 23.23 31.88 33.57 35.05
1700   8 12.20 13.76 15.54 24.65 33.76 35.55 37.10
1800 14 12.98 14.62 16.49 26.08 35.67 37.53 39.18
1900   6 13.77 15.49 17.45 27.50 37.55 39.51 41.23
2000   7 14.57 16.36 18.41 28.92 39.43 41.49 43.27
2100   5 15.34 17.22 19.36 30.35 41.34 43.47 45.36
2200   6 16.14 18.09 20.32 31.77 43.22 45.45 47.40
2300   4 16.93 18.96 21.28 33.19 45.10 47.43 49.45
2400   5 17.70 19.81 22.23 34.61 46.99 49.41 51.52
Total 293
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Using gestational age as the independent variable, the entire group was then  
reanalysed, calculating new equations for male and female fetuses separately (Table 1).  
According to these equations, the mean right lung volume ranged from 3.72 mL at 18 
weeks to 44.90 mL at 34 weeks for the male fetus and from 4.99 mL at 18 weeks to 44.27 
mL at 34 weeks for the female fetus (Tables 6 and 8). The mean left lung volume ranged 
from 3.91 mL at 18 weeks to 34.87 mL at 34 weeks for the male fetus and from 2.51 mL at 
18 weeks to 33.47 mL at 34 weeks for the female fetus (Tables 7 and 9). The relationships 
between the lung volumes and gestational age are plotted in Figure 2.

Table 6 Right lung volume (mL) in male fetuses at 18-34 completed weeks of gestation, according to  
 gestational age

Weeks of Percentile

gestation n 2.5th 5th 10th 50th 90th 95th 97.5th

18 10   1.62    1.88   2.18   3.72   5.25   5.55   5.82
19   6   1.96   2.33   2.76   4.96   7.16   7.58   7.96
20   8   2.43   2.92   3.48   6.37   9.26   9.82 10.31
21   9   3.04   3.66   4.36   7.97 11.58 12.28 12.90
22 15   3.79   4.53   5.38   9.74 14.10 14.95 15.69
23   5   4.67   5.55   6.55 11.69 16.83 17.83 18.71
24 10   5.69   6.71   7.87 13.82 19.77 20.93 21.95
25   7   6.87   8.02   9.35 16.13 22.91 24.23 25.39
26 16   8.16   9.47 10.96 18.61 26.26 27.75 29.05
27   7   9.62 11.07 12.74 21.28 29.81 31.48 32.94
28   8 11.21 12.82 14.67 24.12 33.57 35.41 37.03
29   9 12.94 14.71 16.74 27.14 37.54 39.56 41.34
30 13 14.81 16.75 18.97 30.33 41.69 43.91 45.85
31   8 16.84 18.94 21.36 33.71 46.06 48.47 50.58
32   7 19.00 21.28 23.89 37.26 50.63 53.24 55.52
33   6 21.31 23.77 26.58 40.99 55.40 58.21 60.67
34   6 23.77 26.41 29.43 44.90 60.37 63.39 66.03
Total 150
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Table 7 Left lung volume (mL) in male fetuses at 18-34 completed weeks of gestation, according to gestational  
 age

Weeks of Percentile

gestation n 2.5th 5th 10th 50th 90th 95th 97.5th

18 10   1.45   1.76   2.11   3.91   5.71   6.06   6.37
19   6   1.80   2.16   2.57   4.67   6.77   7.19   7.54
20   8   2.25   2.67   3.15   5.59   8.03   8.51   8.93
21   9   2.82   3.31   3.85   6.66   9.47 10.02 10.49
22 15   3.51   4.06   4.68   7.89 11.10 11.73 12.27
23   5   4.30   4.92   5.63   9.28 12.93 13.64 14.26
24 10   5.19   5.90   6.70 10.82 14.94 15.75 16.45
25   7   6.19   6.98   7.88 12.52 17.15 18.06 18.85
26 16   7.29   8.18   9.19 14.38 19.57 20.58 21.46
27   7   8.49   9.48 10.60 16.39 22.18 23.31 24.29
28   8   9.79 10.89 12.14 18.56 24.98 26.24 27.33
29   9 11.19 12.40 13.78 20.89 27.99 29.38 30.59
30 13 12.67 14.01 15.54 23.37 31.20 32.73 34.07
31   8 14.25 15.72 17.40 26.01 34.62 36.30 37.77
32   7 15.92 17.53 19.37 28.81 38.25 40.09 41.70
33   6 17.67 19.43 21.44 31.76 42.08 44.09 45.85
34   6 19.51 21.43 23.62 34.87 46.11 48.31 50.23
Total 150

Table 8 Right lung volume (mL) in female fetuses at 18-34 completed weeks of gestation, according to gestational  
 age

Weeks of Percentile

gestation n 2.5th 5th 10th 50th 90th 95th 97.5th

18   6   1.11   1.60   2.15   4.99   7.83   8.38   8.86
19 10   1.64   2.11   2.64   5.37   8.10   8.63   9.09
20   9   2.19   2.68   3.22   6.03   8.84   9.39   9.86
21   7   2.78   3.30   3.90   6.97 10.04 10.64 11.16
22 11   3.36   3.97   4.65   8.18 11.71 12.40 13.00
23 10   3.97   4.68   5.49   9.67 13.84 14.66 15.37
24   9   4.59   5.45   6.43 11.44 16.45 17.43 18.28 
25   7   5.23   6.26   7.44 13.48 19.52 20.69 21.72
26 11   5.90   7.13   8.55 15.80 23.05 24.46 25.70
27 13   6.56   8.04   9.73 18.39 27.05 28.74 30.22
28   6   7.26   9.01 11.01 21.26 31.51 33.51 35.26
29   9   7.96 10.02 12.36 24.40 36.44 38.79 40.84
30 10   8.68 11.08 13.80 27.82 41.83 44.57 46.96
31 14   9.43 12.19 15.08 31.52 47.42 50.85 53.61
32   4 10.18 13.35 16.96 35.49 54.02 57.64 60.80
33   8 10.96 14.56 18.67 39.74 60.81 64.93 68.52
34   4 11.76 15.82 20.46 44.27 68.08 72.72 76.78
Total 148
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Table 9 Left lung volume (mL) in female fetuses at 18-34 completed weeks of gestation, according to  
 gestational age

Weeks of Percentile

gestation n 2.5th 5th 10th 50th 90th 95th 97.5th

18   6   0.86   1.07   1.30   2.51   3.71   3.95   4.16
19 10   0.84   1.14   1.49   3.27   5.05   5.40   5.70
20   9   0.93   1.34   1.80   4.19   6.57   7.04   7.45
21   7   1.12   1.65   2.23   5.26   8.29   8.88   9.40
22 11   1.45   2.08   2.80    6.49 10.18 10.90 11.53
23 10   1.89   2.64   3.50   7.88 12.26 13.12 13.87
24   9   2.44   3.32   4.31   9.42 14.53 15.53 16.40
25   7   3.11   4.12   5.26 11.12 16.98 18.13 19.13
26 11   3.90   5.03   6.33 12.98 19.63 20.92 22.06
27 13   4.80   6.08   7.53 14.99 22.45 23.91 25.18
28   6   5.82   7.24   8.85 17.16 25.46 27.09 28.50
29   9   6.95   8.52 10.31 19.49 28.67 30.46 32.03
30 10   8.20   9.92 11.89 21.97 32.05 34.02 35.74
31 14   9.57 11.45 13.60 24.61 35.62 37.77 39.65
32   4 11.05 13.09 15.43 27.41 39.39 41.72 43.77
33   8 12.65 14.86 17.39 30.36  43.33 45.86 48.07
34   4 14.36 16.75 19.48 33.47 47.46 50.19 52.58
Total 148
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The entire group was also reanalysed, producing new equations for male and female fetuses 
separately, using the estimated fetal weight as the independent variable (Table1). The mean 
lung volume for the male fetus ranged from 4.54 mL (200 g) to 42.88 mL (2300 g) for the 
right lung and from 3.48 mL (200 g) to 33.57 mL (2300 g) for the left lung. For the female 
fetus mean lung volume ranged from 3.71 mL (200 g) to 42.75 mL (2300 g) for the right 
lung and 3.35 mL (200 g) to 32.31 mL (2300 g) for the left lung.
Comparing the mean right and left lung volumes of the male and female fetuses with the 
mean right and left lung volumes of the total group, the differences for gestational age and 
estimated fetal weight became apparent (Figure 3). The mean difference between the male 
and female lung volume for gestational age was 4.3% and for estimated fetal weight it was 
only 1.4%. In both male and female groups the Wald test indicated a statistical correlation 
of both the right and left lung volumes with each gestational age, but not with estimated 
fetal weight. 

Figure 3   Differences between the mean lung volume of the total group and the mean gender- 
specific lung volume for (a) gestational age and (b) estimated fetal weight. – – , male fetus, left lung; 
——, male fetus, right lung; – – , female fetus, left lung; ——, female fetus, right lung.
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Combining the centiles of the male and female lung volumes in one graph, allowed  
the differences to be well demonstrated (Figure 4). The upper limit of the right  
female lung volume (97.5th centile) was lower than that of the male lung volume  
until 29 weeks’ gestation; after 29 weeks the female lung exceeded the male 
lung. The 50th centile of the right female lung volume was somewhat lower  
than that of the male lung volume, but both volumes were equal around 34 weeks’ gestation. 
The lower limit (2.5th centile) of the right lung volume was the same for female and male 
fetuses until 21-23 weeks, when the lower limit of the male right lung volume showed a 
steeper incline compared to the female right lung volume. The upper limit of the female left 
lung volume was lower than the male one until 25 weeks, but was higher from 25 weeks 
onwards. Both the 5th and 50th centiles of the left female lung were lower than those of the 
male lung from 18 to 34 weeks’ gestation. 

Figure 4   Gender-specific nomograms (2.5th, 50th and 97.5th centiles) for (a) right and (b) left lung 
volume. –··–●, 97.5th ♀; –·–○, 97.5th ♂; – –○, 50th ♂;– – –● 50th ♀; ——○ 2.5th ♂; ·····● 2.5th ♀.

3D lung volume

 49

(a)

(b)

proefschrift franca.indd   49 2-4-2009   9:58:01



To investigate whether or not the variability differed for males and females after 30 weeks’ 
gestation, we added an interaction between a dichotomous time-indicator (< 30; ≥30) and 
gender to the regression analysis. The P-values of these interactions were an indication of 
whether the variability after 30 weeks was different for males and females. The right lung 
had a P-value of 0.027, while the left lung had a P-value of 0.042. Both interaction terms 
were positive, so there was indeed a significant difference in variability after 30 weeks 
between males and females; females had greater variability than did males.
The intraclass correlation coefficients between three repeated measurements performed by 
Observer 1 (intraobserver correlation) at each gestational week (18-34 weeks) were 0.97 
(range, 0.93-0.99) for the right and 0.95 (range, 0.90-0.98) for the left lung volumes, using 891 
measurements for each lung. Observer 2 had a value of 0.99 for both the right and left lungs,  
using 72 measurements for each lung. The correlation coefficients between measurements 
made by different observers (interobserver correlation) were 0.97 for the right and 0.96 for 
the left lung, using 72 measurements of each lung. The 95% limits of agreement between 
the two observers were –1.55 to 3.81 mL for the left lung and –3.5 to 3.95 mL for the right 
lung (Figure 5). 

Figure 5   Difference in right lung volume measurements between Observer 1 (obs 1) and Observer 2 
(obs 2) plotted against their average, (obs 1+ obs 2)/2.
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Discussion

Conventional 2D ultrasound has been used to evaluate fetal breathing movements,  
thoracic circumference, lung length and the ratio of thoracic circumference to  
abdominal circumference in order to predict lung volume. However, these parameters  
were not sufficiently sensitive or specific for clinical management in cases of  
pulmonary hypoplasia 1-8. It has been shown that measuring lung volume with magnetic  
resonance imaging (MRI) has benefits over conventional 2D ultrasound 38-45,  
particularly with the new high-speed systems, which have clearer MR images with  
fewer motion artefacts. Limitations of MRI in daily practice are the high costs and limited  
acceptance of pregnant women. Recent studies report that it is also possible to  
measure fetal lung volumes reliably with 3D ultrasound 18-26; advantages include  
the cost-effectiveness, ease and speed of use, and patient acceptability. 
After 30 weeks’ gestation it is more difficult to measure lung volumes because of poor 
image quality. An unfavourable position of the fetus, increased ossification of the spine and 
ribs, and motion artefacts due to fetal breathing movements can make visualization of the 
lungs, diaphragm or clavicles more difficult. Most studies had success rates between 85% 
and 90% 19,20,24-26. In their study of lung volume measurements between 15 and 40 weeks’ 
gestation, Osada et al.26 found that 87.2% were eligible for analysis. Before 20 weeks and 
after 34 weeks of gestation, 25% of the volumes were excluded because of poor image 
quality due to prone presentation of the fetal spine, while between 20 and 34 weeks only 
2.9% had to be excluded. Sabogal et al.25 studied the fetal lungs between 20 and 30 weeks 
of gestation and excluded 8.2% of the volumes because of poor image quality. 
In this study we had to exclude 3.6% of the volumes. Before 22 weeks’ gestation we had no  
difficulties in acquiring good image quality. Most difficulties occurred after 30 weeks’  
gestation; 14 of the 130 volumes (10.8 %) were excluded. Poor image quality was due 
mostly to an unfavorable position of the fetus and with advancing gestation increased  
ossification became a greater problem. Although we repeated the scanning process if fetal 
breathing movements were present, a few volumes still had to be excluded because of 
inadequate visualization of the fetal thorax. Overall, we were able to acquire good image 
quality in most (96.4%) cases.
It was not only the feasibility of the fetal lung volume measurements, but also the reliability, 
that was good. The intraobserver variability at each gestational week (18-34 weeks) was  
< 3% and 5% for the right and left lung volumes, respectively. The 95% limits of agreement 
between the two observers were small for both right lung and left lungs.
In this study, we measured the lung volumes in the transverse plane, of which the  
accuracy has been confirmed in a study by Pohls and Rempen 19. The lung volumes  
were measured directly between the clavicles and the diaphragm; outside these limits  
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it is difficult to visualize lung tissue clearly. This approach is similar to that used  
by other investigators 19,21-26. Some studies measured lung volumes indirectly,  
by subtracting the heart volume from the thoracic volume 18-20. The disadvantages of this  
indirect method are that not only lungs but also blood vessels and thymus gland are included  
in the thoracic volume measurements and that only the total lung volume can be determined 
rather than the right and left lung separatly.  Direct and indirect methods  
were evaluated by Pohls and Rempen 19 and although there was a high correlation, there 
was also a significant difference between the two approaches.
We compared our volume graphs with graphs from other studies which also used the direct 
measuring method 21. The longitudinal study by Bahmaie et al.21 reported 3.22 mL at 18-20 
weeks to 24.77 mL at 33-34 weeks of gestation for the right lung and 2.54 mL at 18-20 
weeks to 21.06 mL at 33-34 weeks of gestation for the left lung, using data from 235 scans. 
Our values were larger at all gestational ages, with values of 6.37 mL at 20 weeks to 44.99 
mL at 34 weeks of gestation for the right lung and 4.74 mL at 20 weeks to 33.72 mL at 34 
weeks of gestation for the left lung. However, our graphs were similar to those of Rijpens 
et al. 41, who used fast-spin echo MRI.
We also compared our graphs with fetopathological standards given by Langston et al.46 
and more recently by De Paepe et al.47, although we realize that it is difficult to compare 
postmortem pathological studies with a sonographic study. The volumes measured in our 
study were still below the volumes obtained from the pathological studies, but correlated 
better than did earlier 3D ultrasound studies 19,21-26,34.
A constant linear relation was observed between left and right fetal lung volumes throughout 
pregnancy. The left and right lung volumes corresponded, respectively, to 44% and 56% of 
the total lung volume. These results are also in agreement with postmortem data obtained in 
infants and fetuses 47,48. We also showed an approximately seven-fold increase in right and 
left fetal lung volume during the second half of pregnancy (20-34 weeks). This increased 
rate is consistent with the findings in other 3D ultrasound studies 19,21,26.
It is well known that female fetuses, on average, weigh less than do male fetuses  
at any gestational ages; the mean weight of male fetuses exceeds that of female  
fetuses by 2-3%. The gender difference in fetal growth appears to be rather pronounced  
before the third trimester and relatively less marked towards term. It has therefore  
been suggested that the use of gender-specific nomograms may improve prenatal  
assessment of fetal growth 30-33. In this study a significant difference in the left 
and right lung volumes between male and female fetuses for each gestational  
age was demonstrated according to the Wald-test. The mean lung volume  
of male fetuses was 4.3 % larger compared with that of female fetuses. The difference was 
not significant when the lung volumes were plotted against the estimated fetal weight. Like 
fetal weight the differences in fetal lung volumes are more apparent in the second trimester 
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and less marked in the third trimester. Langston et al.46 noted no differences in lung volumes 
between male and female fetuses in a histopathological study.  The results were expressed 
as correlation coefficients with CRL obtained postmortem. The CRL was then translated 
to the corresponding gestational age in weeks. Because the differences in growth between 
male and female fetuses were not taking into account, it is not surprising that there were 
no differences between the male and female fetal lung volume. Although we did observe a 
significant difference in the left and right lung volumes between male and female fetuses, it 
needs to be investigated whether these small differences are clinically relevant.
Most studies18-20, 22-26,34, except for that by Bahmaie et al. 21, used cross-sectional  
data to create reference ranges of the fetal lungs. The means of these reference  
ranges indicate the average size of the fetal lung at a certain gestational age.  
However, to create valid references concerning growth it is not possible to use these single 
measurements of volume. Our charts were constructed using measurements on three or 
four occasions (longitudinal) and are therefore valid references with respect to the growth 
of the fetal lung. It should be borne in mind that the outer centiles are less accurate compared  
with the 50th centile because the number of these measurements in the total group and  
especially in the male and female groups was small. The potential of 3D ultrasound and 
these new references in predicting pulmonary hypoplasia needs to be evaluated. 
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Opinion

Fetal lung volumetry: a step closer to a clinically acceptable predictor of lung hypoplasia?

The two papers on fetal lung volume published in this
issue of the journal highlight the intensified interest in
measuring fetal lung volume following the introduction
of three-dimensional (3D) ultrasound techniques. The
reason for this is clear. The incidence being 1.1 per 1000
live births with a mortality rate of over 50%1, fetal
lung hypoplasia poses a major diagnostic challenge. It is
reasonable to assume that measurement of lung volume
will signify a major step forward in the detection of fetal
lung hypoplasia. But will it provide us with the complete
picture? The crucial question to be addressed is whether
we are dealing with a lethal or non-lethal form of fetal
lung hypoplasia in a given case. For this purpose a positive
predictive value (PPV) of 100% is needed.

Fetal lung size was initially estimated from two-
dimensional (2D) ultrasound images. Measurements
include lung area, lung circumference and lung
length/diameter2–13. Lung length has been established
in a plane through the long axis of the thorax from the
superior end of the sternum to the level of the diaphragm
or the inferior surface of the heart9 or from the apex
to the base of the lung11. Others studied the ratio of
lung area to head circumference (LHR)14–16, lung length
to thoracic circumference12 and lung length width to
head circumference17, particularly relative to congenital
diaphragmatic hernia. From the data reported so far, it
appears that none of these biometric parameters is reliable
enough to be applied in clinical management. In a recent
study18, it was pointed out that the most reproducible
method of measuring fetal lung area was by manual
tracing of the limits of the lungs. Multiplication of the
longest lung diameter by the longest perpendicular diam-
eter turned out to be the least reliable method18. Also
the biometric ratios fail to provide an acceptable prena-
tal prediction of lethal lung hypoplasia. Moreover, LHR
increases exponentially with gestational age18, which is
in contrast to the initial assumption that calculation of
the LHR would minimize the effects of gestational age on
lung size.

In another recent study19 it was assumed that the
lung represents a geometrical pyramid. An equation was
produced (surface area of right left lung base [cm2]
1 3 height of right lung [cm]), allowing 3D volume
(mL) to be calculated from 2D measurements. It was
proposed that this approach could serve as an alternative
to 3D ultrasonography and magnetic resonance imaging
(MRI). Data on sensitivity and specificity of this method
in determining lung hypoplasia are not yet available.
Moreover, lung hypoplasia is mostly associated with
severe oligohydramnios or anhydramnios, which may

alter the pyramidal shape of the lungs owing to outside
compression of the thorax.

So, will 3D ultrasonography provide us with the ulti-
mate solution? The introduction of 3D ultrasonography
would allow for the assessment and correction of surface
irregularities20. The more conventional 3D sonographic
approach involves scrolling through one plane of the
multiplanar display while delineating the lungs in a differ-
ent plane. Alternatively, the VOCAL technique (Virtual
Organ Computer-aided Analysis, General Electric Medi-
cal Systems) allows volume calculation around a fixed axis
through a number of sequential steps21. Contradictory
reports have appeared on the reliability and reproducibil-
ity of both techniques concerning volume measurements.
Whereas in an in vitro setting, rotational measurements
of volume proved to be superior to the conventional
technique20, an in vivo study of fetal lung volume demon-
strated that the rotational method with VOCAL was less
reproducible than the common multiplanar technique21.
On the other hand, Moeglin et al.19 found no statisti-
cally significant difference between lung volume values
obtained using the two 3D ultrasound modes. Not only
different 3D sonographic techniques, but also different
methods for measuring fetal lung volume have been
reported. Mainly in earlier work, fetal lung volume was
obtained by subtracting fetal heart volume from tho-
racic volume19 22 23. The disadvantage of this approach
is the inclusion of mediastinal structures (thymus, tra-
chea, esophagus and great vessels) in the measurement of
lung volume19. The lack of reproducibility of this indi-
rect measurement limited its introduction into clinical
practice.

Accuracy may be improved by direct determination of
fetal lung volume, including separate measurement of
the left and right lungs21 24–28. Ruano et al.26 found
that direct 3D sonographic estimates of fetal right
and left lung volume using a rotational multiplanar
technique were highly accurate when compared with
postmortem measurements of lung volume achieved by
water displacement.

In the two studies of fetal lung volume in this issue,
one used the VOCAL technique28, while the other used a
Technos MX (Esaote) ultrasound machine and a freehand
scanning technique with a position sensor attached to
the transducer27. As pointed out by Peralta et al.28, the
advantage of the VOCAL technique is that the lower parts
of the lung that extend below the dome of the diaphragm
can be included and the contour of the lung in each plane
can be modified to ensure a more accurate lung volume
measurement.

Copyright 2006 ISUOG. Published by John Wiley & Sons, Ltd. OPINION
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Opinion 125

Most reports on direct lung volume measurement by
3D ultrasonography provide a definition of the upper
and lower border, e.g. the level of the clavicles and the
dome of the diaphragm. This was the case in the study
by Gerards et al.27 and was further highlighted by Peralta
et al.28, who also emphasize the importance of defining
the medial border of the lungs and distinction from the
heart and mediastinal organs as well as the lateral border
of the lungs and distinction from the thoracic cage.

Differences also exist in the design of published
3D sonographic fetal lung volume studies. Like the
study by Peralta et al.28, most are cross-sectional. Some
are longitudinal24 29, including the study by Gerards
et al.27, allowing references with respect to fetal lung
growth. For the first time, fetal lung volumes have
been determined as early as the first half of the second
trimester of pregnancy28. In both papers published in
this issue the technical problems encountered when
measuring fetal lung volume in the third trimester of
pregnancy are pointed out27 28. This limitation has no real
clinical implication, since clinical management in case of
suspected lung hypoplasia is made before 30–32 weeks
of gestation. Despite different ultrasound techniques and
study designs employed in both studies27 28, similar values
for normal mean fetal lung volume were obtained,
particularly in early pregnancy. Moreover, comparable
differences were found for left vs. right lung volume.
Lung volume data were more at variance at 30 weeks of
gestation, with higher values in the study by Gerards
et al.27. It is not clear whether this discrepancy is
technique- or design-related. The gender-related difference
(4.3%) in normal mean lung volume established by
Gerards et al.27 is unlikely to be of clinical relevance
when suspecting lung hypoplasia.

In addition to 3D ultrasonography, another imaging
technique is increasingly attracting attention. In the last
6–7 years a number of interesting reports have appeared
on MRI. The development of the single-shot rapid-
acquisition with relaxation enhancement sequence, a
rapid spin-echo-based T2 weighted sequence, has been
a major step forward in fetal MRI30. Well-defined fetal
MRI images with fewer motion artifacts can be obtained
without the need for fetal immobility30 31. On MRI the
fetal lungs are well depicted on T2-weighted images29 32.
Fast-spin echo T2-weighted MR images of the fetal
thorax provide a well-defined contrast between lung
parenchyma and surrounding structures, which include
the trachea, esophagus, diaphragm and thoracic wall
structures33. The accurate delineations of the boundaries
of the fetal lungs resulted in a good interobserver
agreement for fetal lung volume measurements, with
MRI results showing a difference of less than 10% from
lung volumes established at postmortem examination33.
Moreover, the MR signal intensity of the fetal lung is a
good indicator of fetal lung maturation34. MRI has been
shown to be helpful in determining ipsilateral lung volume
in cases of congenital diaphragmatic hernia34. Sheep
experiments have demonstrated that axially-measured
fetal lung volumes were more accurate than those obtained

in the coronal or sagittal plane35. MRI values appear to be
consistently higher than ultrasound values in most studies
on fetal lung size.

Is there a preference for MRI or 3D ultrasonography
concerning fetal lung volume measurements? 3D ultra-
sonography has the advantage of cost-effectiveness, ease
and speed of use and patient acceptability27. On the
other hand, optimal 3D ultrasound resolution may not
always be possible owing to fetal position, oligohydram-
nios, maternal obesity, fetal cardiac activity and fetal
(breathing) movements. The accurate delineation of the
contour of the lung may be hampered because of reduced
differentiation between fetal lung and liver. Further stud-
ies comparing the two imaging modalities are needed to
establish whether there is a preference for one of the
techniques or whether they complement each other.

Assuming that accurate fetal lung volume measure-
ments can be obtained in both normal and pathological
circumstances, will these measurements suffice in detecting
lethal pulmonary hypoplasia? We know that prolonged
and pronounced oligohydramnios, particularly during
the canalicular phase of lung development (from 18
to 26 weeks of gestation), may cause a delay or even
an arrest in pulmonary vascular development, resulting
in reduced lung volume and raised pulmonary vascular
resistance36 37. Doppler velocimetry of the fetal arterial
lung circulation has shown that peak systolic velocity
(PSV) in the proximal pulmonary artery flow velocity
waveform is reduced in lethal lung hypoplasia38. Never-
theless, as a single test it turned out not to be reliable
enough for clinical application. A combination of clinical
(onset, duration, degree of oligohydramnios), biomet-
ric (thoracic to abdominal ratio) and Doppler (PSV in
proximal lung artery) parameters demonstrated a PPV of
100%, an overall accuracy of 93% and a sensitivity of
71%38. Again, the clinical significance of this combined
test is limited as a result of the restrictions in obtaining the
necessary components of it and the low sensitivity of the
combination38. In three other studies a raised pulsatility
index (PI) in the arterial lung circulation was found in
a substantial number of fetuses that had developed lung
hypoplasia39–41. Of interest is the non-reactivity of the
flow pattern in the fetal proximal pulmonary artery during
exposure to maternal breathing, by mask, of 60% oxy-
genated air42. This test, with a PPV of 79%, a sensitivity
of 92% and a specificity of 82%, seems quite promising.
A different approach was taken by Fuke et al.43, who
found the acceleration time/ejection time ratio in the fetal
pulmonary arterial flow velocity waveform to be reduced
in the presence of lung hypoplasia. The number of fetuses
studied, however, was small.

Altogether, it can be said that changes have been
established in the fetal pulmonary artery waveforms in
association with developing lung hypoplasia. Although
promising, a well-defined and reliable circulatory test to
predict lethal lung hypoplasia has not emerged so far.

In summary, the reference data on normal fetal lung
volumes in the two well-designed studies27 28 in this issue
of the journal should be further tested with regard to

Copyright 2006 ISUOG. Published by John Wiley & Sons, Ltd. Ultrasound Obstet Gynecol 2006; 27: 124–127.
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their prediction of lung hypoplasia. As pointed out in an
earlier opinion by Deprest et al.44 in this journal, it may
take more than only 3D sonographic or MRI lung volume
measurements to enable us to reliably and reproducibly
predict gestational lung function. It would be of interest
to see whether Doppler interrogation of the fetal lung
circulation will produce an independent test which, in
combination with lung volume measurements, becomes a
clinically acceptable predictor of fetal lung hypoplasia.

J. W. Wladimiroff
Department of Obstetrics and Gynecology, Erasmus

Medical School, Rotterdam, The Netherlands
(e-mail: j.wladimiroff@erasmusmc.nl)
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Abstract

Objective An accurate and reliable method for measuring fetal lung volumes  
 would be helpful in predicting the outcome in cases with suspected  
 impaired lung growth. Recent studies show that it is possible to  
 obtain fetal lung volume estimations with magnetic resonance  
 imaging (MRI) and three-dimensional (3D) ultrasonography. The  
 purpose of this study was to assess the agreement of lung volumes  
 measured with 3D ultrasonography and MRI in uncomplicated  
 pregnancies.
Methods This was a prospective study in which MRI and 3D ultrasonography  
 examinations were conducted on the same day to measure the fetal  
 lung volumes of 10 women with uncomplicated pregnancies.  
 Intraclass correlation was used to evaluate the agreement between  
 fetal lung volume measurements obtained by MRI and 3D ultra- 
 sonography. A proportionate Bland-Altman plot was constructed.
Results The intraclass correlation coefficient between MRI and 3D ultra- 
 sonography measurements for the right lung was 0.92  
 (95% CI 0.71-0.98) and for the left lung was 0.95  
 (95% CI 0.82-0.99). The proportionate limits of agreement  
 between the methods were for the right lung –32.57% to 20.03%  
 and for the left lung –21.26%  to 17.13%.
Conclusions There is good agreement between lung volumes measured by MRI  
 and those measured by 3D ultrasonography.
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Introduction

An accurate and reliable method for measuring fetal lung volumes would be helpful in  
predicting the outcome in cases with suspected impaired lung growth, such as diaphragmatic 
hernia, premature rupture of the membranes or skeletal dysplasia. After birth the functional  
residual capacity lung volume can be measured using different methods, including the  
nitrogen washout method, helium dilution and plethysmography 1-3. However, none of these 
techniques can be used prenatally. Recent studies show that it is possible to obtain volume 
estimations of the fetal lungs in utero using magnetic resonance imaging (MRI) and three-
dimensional (3D) ultrasonography 4-14. 
The development of sub-second MRI has been a major advance in fetal MR imaging. Using 
acquisition techniques, such as half-Fourier single-shot turbo spin echo (HASTE) and true 
fast imaging with steady precession (True-FISP), images are acquired in milliseconds, pre-
cluding problems of fetal motion that lead to failure of conventional MR images 15,16. This 
enables us to make detailed anatomical assessments including the estimations of volumes. 
Measuring lung volumes with MRI has already shown benefits over two-dimensional (2D) 
ultrasonography. However, it has limited clinical application because of the relatively high 
costs involved.
3D ultrasonography is a technology that enables us to visualize an entire volume in a single 
image. With the volume rendering mode it is possible to measure volumes of different organ 
systems 17. This technique has the same advantages as conventional ultrasonography, viz. 
inexpensiveness, simplicity of application and high acceptance by patients. The aim of the 
present study was to assess the agreement of lung volumes measured with 3D ultrasono-
graphy and MRI (reference standard) in uncomplicated pregnancies.

Methods

Sample
Between August 2004 and March 2005 a prospective study was conducted at the obstetrics 
and radiology outpatients department of the VU University Medical Center. For 10 uncom-
plicated pregnancies, both MRI and 3D ultrasonography examinations to measure the fetal 
lung volume were conducted on the same day. Each patient with gestational age of 24-34 
weeks was examined only once for the purposes of the study. Each week one patient was 
included and the mean interval between patients was 6 (range 4-9) days. The examiners 
were blinded to each other’s results.
Inclusion criteria were normal growth (estimated fetal weight within the 5th (P5) and 95th 
(P95) percentiles), without fetal malformations, and no maternal disease. Exclusion criteria 
were oligohydramnios (amniotic fluid index <P5) and the presence of fetal malformation 
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or abnormal growth (estimated fetal weight <P5 or >P95 and/or abdominal circumference 
(AC) <P5 or >P95). Women with a pacemaker or other general contraindications for MRI, 
such as claustrophobia, were also excluded. 
The hospital ethics committee approved the study protocol and all women gave their informed 
consent before the examination. 

Measurements

MRI
Imaging was performed by the same examiner (M.B.) on a 1.5-tesla system (Sonata, Siemens 
AG, Erlangen, Germany), using specific absorption rates (SAR) limitations provided by the 
manufacturer. Using a very fast (single-shot turbo spin echo) MR technique, multislice MR 
images were acquired in a few seconds, essentially eliminating motion artifacts. Therefore, 
no maternal or fetal sedation was needed. In all patients, conventional HASTE MR images 
were obtained in the transverse and coronal planes. The following imaging parameters 
were used: slice thickness, 5mm; Fourier factor, 78.125%; field of view, 300x300 mm; 
matrix, 256 x 256; pixel size, 1.4 x 1.4mm2; bandwidth, 500 Hz/pixel. On each slice the 
high-signal lung tissue was manually traced and the aggregate areas were multiplied by the 
interslice distance (slice thickness + gap). The outline of each lung was manually traced 
in the transverse plane with 8-12 slices in 10-15 min. The volumes for all sections were 
then added to determine the volumes of both lungs. The total investigation time, including 
localizer images, lasted about 30 min maximum.
3D ultrasonography
All examinations were performed by the same examiner (F.G.) using a Technos MX 
(Esaote, Maastricht, The Netherlands) ultrasound machine equipped with a 3-5-MHz 
transabdominal annular array probe with an integral 3D program. Images were acquired 
by moving the transducer over the maternal abdomen to visualize the entire fetal chest 
in a transverse plane from the neck to below the level of the diaphragm. 3D ultrasound 
imaging was performed using a free-hand scanning technique with a position sensor  
attached to the transducer. Two to five volumes were acquired for each patient in  
approximately 15 min and stored on removable magneto-optical disks for off-line analysis.  
Only when diaphragm, clavicle and lung contours were visible were the volumes in-
cluded in the final analysis. In order to standardize the measurements of the lung, an 
upper and lower anatomical limit were set at the level of the fetal clavicles and at the 
dome of the diaphragm, respectively, in the transverse and sagittal plane. The outline  
of each lung was manually traced with 5-15 slices in 5-10 min. The computer  
automatically outlined the total lung from these slices. From these 2D outlines the built-in 
program automatically constructed and rendered a 3D model of the lung. The volume of 
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this 3D model was calculated by the software of the ultrasound machine and displayed in 
millilitres. The formula used for the volume calculation was as follows: 

 Volume = sum of all drawn contours of vol i, where
 vol i = distance i x (A + √ (A x B) + B) / 3,
 A = area of contour 1,
 B = area of contour 2 and
 distance i is the distance between the slices where the 
 contour was drawn.

Statistical method

To assess agreement between MRI and 3D ultrasonography, volume measurements of  
the right and left lungs were compared using the intraclass correlation coefficients.  
Lung volume measurements were performed independently by two observers (M.B., F.G.)  
to determine interobserver variability.  The 3D ultrasonography measurements  
performed by F.G. were used for comparison with the MRI measurements by M.B.  
Inter- and intraobserver intraclass correlation coefficients were calculated using SPSS, version 
11.5(SPSS Inc., Chicago, IL,USA).  A proportionate Bland–Altman plot (difference in lung 
volume between the two methods plotted divided by the mean of both measurements (ex-
pressed as %) against the mean lung volume of the two methods) was constructed. The pro-
portionate limits of agreement and the underestimations of 3D ultrasonography compared 
with MRI were calculated.

Table 1 Lung volume measured by three-dimensional (3D) ultrasonography and magnetic resonance  
 imaging (MRI)

 Right lung Left lung
Parameter volume (mL) volume (mL)

3D ultrasonography 27.43 ± 9.6 22.93 ± 7.2
 (mean ± SD) 
MRI (mean ± SD) 29.56 ± 11.5 23.79 ± 9.0
Mean of difference 
 (95% CI) -2.13 (-9.66 to 5.4) -0.86 (-5.98 to 4.25)

CI, confidence interval; SD, standard deviation.
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Results

For each gestational week between 24 and 34 weeks, the lung volumes were measured 
using MRI and 3D ultrasonography (Table 1). Examples of the measurements on the transverse 
image by MRI and 3D ultrasonography are provided in Figures 1 and 2.

When comparing the lung volumes measured with MRI and 3D ultrasonography, the in-
traclass correlation coefficient for the right lung was 0.92 (95% CI 0.71-0.98) and for the 
left lung was 0.95 (95% CI 0.82-0.99) (Figure 3). The proportionate limits of agreement 
between the methods for the right lung were –32.57% to 20.03% and for the left lung 
–21.26% to 17.13% (Figure 4). The underestimation of 3D ultrasonography compared with 
MRI for the right lung was 6.27% (range –24.8% to 12.1%) and for the left lung 2.1% 
(range –16.1% to 20.6%).
The interobserver agreement of the MRI measurements was calculated, with in-
traclass correlation coefficients of 0.98 (95% CI 0.41-0.99) for the right lung and 
0.97 (95% CI 0.31-0.99) for the left lung. The 95% limits of agreement between 
the two observers were for the right lung –5.03 to 0.58 mL and for the left lung 
–3.97 to 0.28 mL. The correlation coefficients between 3D ultrasonography  
measurements made by different observers (interobserver correlation) were 0.97 for the 
right and 0.96 for the left lung. The 95% limits of agreement between the two observers 
were for the left lung –1.55 to 3.81 mL and for the right lung –3.5 to 3.95 mL.
Each lung was  (re-) measured three times by the same examiner (F.G.) to obtain the  

Figure 1  Outlines of the lungs on the  
transverse image by magnetic resonance 
imaging.

Figure 2  Outlines of the lungs on the 
transverse image by three-dimensional  
ultrasonography.
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intraobserver correlation. For the MRI the intraclass coefficient was 0.97 (95% CI 0.92-0.98) 
for both lungs, and for the 3D ultrasonography the intraclass coefficient was 0.97 (95% CI 
0.90-0.98) for the right and 0.95 (95% CI 0.90-0.98) for the left lung.

Figure 3   Scatterplot showing the correlation 
between two independent observers who measu-
red the right (○) and left (●) lung volumes by 
using three-dimensional (3D) ultrasonography or  
magnetic resonance imaging (MRI) in 10 un-
complicated pregnancies. Regression lines are 
indicated:– – – , right lung (r = 0.95);—–– , left 
lung (r = 0.97).

Figure 4  Difference between three-dimensional (3D) ultrasonography and magnetic resonance imaging 
(MRI) (3D ultrasonography-MRI)/mean of both measurements x 100% plotted against mean, ((3D 
ultrasonography + MRI)/2), of the right (○) and left (●) lung volume. Bars indicate proportionate limits 
of agreement (2 SD) for left (�) and right (�) lungs. Horizontal lines within each bar represent the 
mean difference.
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Discussion

The only two techniques that enable us to measure prenatal lung volumes directly are MRI 
and 3D ultrasonography 4-14. Both techniques can measure lung volumes reliably and the 
reproducibility of the measurements is good 4,8,12. Because it is difficult to compare imaging 
techniques with postmortem pathological studies, no references with which to compare the 
results of MRI and 3D ultrasonography measurements are available. Ruano et al. compared 
lung volume measurements with 3D ultrasonography and MRI in 11 cases of congenital 
diaphragmatic hernia 18. A good agreement (ICC = 0.94) was achieved. However, to our 
knowledge this is the first study to compare lung volume measurements determined using 
MRI and multiplanar 3D ultrasonography in uncomplicated pregnancies.
When measuring lung volumes by MRI, the value of the volume measurements in the 
transverse image was used. The volumes of the sagittal image were disregarded, because 
differentiating between the right and left lung was not always possible in all scans. The 
lung volume measurements by 3D ultrasonography were performed in the transverse plane, 
the accuracy of which has been confirmed 19. 
In our study the lung volume measurements by MRI and 3D ultrasonography performed 
independently by two observers in uncomplicated pregnancies showed high ICC’s, small 
differences and small limits of agreement for both the left and right lung, which suggests 
close agreement. However, it should be borne in mind that the number of fetuses examined 
in this study was small. 
Although this was a small study and lung volumes were only measured in uncomplicated 
pregnancies, it can be assumed that in cases of pulmonary hypoplasia a good agreement 
between MRI and 3D ultrasonography could also be achieved. In clinical practice 3D ultra-
sonography is the method of choice for measuring fetal lung volumes whenever that seems 
necessary. However, there are circumstances, for instance an obstructed view of the fetus 
or obesity of the mother, that cause visualization with 3D ultrasonography to be unreliable. 
In such cases, fetal MRI can be a good and interchangeable option for fetal lung volume 
measurements.

Acknowledgement  
This work was supported by a research grant from Esaote (Maastricht, The Netherlands).

Chapter 3

70

proefschrift franca.indd   70 2-4-2009   9:58:11



References

1. Berlung G, Karlberg P. Determination of the functional residual capacity in newborn infants. 
 Acta Paediatr 1956; 565:541-544
2. Sjoqvist BA, Sandberg K, Hjalmarson O, Olsson T. Calculation of lung volume in newborn  
 infants by means of a computer-assisted nitrogen washout method. Pediatr Res 1984; 18:1160-1164
3. Chu JS, Dawson P, Klaus M, Sweet AY. Lung compliance and lung volume measured concurrently  
 in normal full-term and premature infants. Paediatrics 1964; 34: 525-532
4. Gerards FA, Engels MAJ, Twisk JWR, van Vugt JMG. Normal fetal lung volume measured  
 with three-dimensional ultrasound. Ultrasound Obstet Gynecol 2006; 27: 34-44.
5. Moeglin D, Talmant C, Duyme M, Lopez AC. Fetal lung volumetry using two- and three- 
 dimensional ultrasound. Ultrasound Obstet Gynecol 2005; 25: 119-27.
6. Bahmaie A, Hughes SW, Clark T, Milner A, Saunders J, Tilling K, Maxwell DJ. Serial fetal  
 lung volume measurement using three-dimensional ultrasound. Ultrasound Obstet Gynecol  
 2000; 16: 154-158.
7. Kalache KD, Espinoza J, Chaiworapongsa T, Londono J, Schoen ML, Treadwell MC, Lee W,  
 Romero R. Three-dimensional ultrasound fetal lung volume measurement: a systematic study  
 comparing the multiplanar method with the rotational (VOCAL) technique. Ultrasound Obstet  
 Gynecol 2003; 21: 111-118
8. Sabogal JC, Becker E, Bega G, Komwilaisak R, Berghella V, Weiner S, Tolosa J. Reproducibility  
 of fetal lung volume measurements with 3-dimensional ultrasonography. J Ultrasound Med  
 2004; 23: 347-352
9. Osada H, Iitsuka Y, Masuda K, Sakamoto R, Kaku K, Seki K, Sekiya S. Application of lung  
 volume measurement by three-dimensional ultrasonography for clinical assessment of fetal  
 lung development. J Ultrasound Med 2002; 21: 841-847
10. Duncan K, Baker P, Johnson I. The complementary role of echoplanar magnetic resonance  
 imaging and three-dimensional ultrasonography in fetal lung assessment. Am J Obstet Gynecol  
 1997; 177: 244-245.
11. Coakley FV, Lopoo JB, Lu Y, Hricak H, Albanese CT, Harrison MR, Filly RA. Normal and  
 hypoplastic fetal lungs: volumetric assessment with prenatal single-shot rapid acquisition with  
 relaxation enhancement MR imaging. Radiology 2000; 216: 107-111
12. Rypens F, Metens T, Rocourt N, Sonigo P, Brunelle F, Quere MP, Guibaud L, Maugey-Laulom B,  
 Durand C, Avni FE, Eurin D. Fetal lung volume: estimation at MR imaging-initial results.  
 Radiology 2001; 219: 236-241
13. Osada H, Kaku K, Masuda K, Iitsuka Y, Seki K, Sekiya S. Quantitative and qualitative evaluations  
 of fetal lung with MR imaging. Radiology 2004; 231: 887-892
14. Duncan KR, Gowland PA, Moore RJ, Baker PN, Johnson IR. Assessment of fetal lung growth  
 in utero with echo-planar MR imaging. Radiology 1999; 210: 197-200.

Lung volume: 3D ultrasonography vs. MRI

 71

proefschrift franca.indd   71 2-4-2009   9:58:11



15. Lee W. 3D fetal ultrasonography. Clin Obstet Gynecol 2003; 46:850-867
16. Johnson,I.R.; Stehling,M.K.; Blamire,A.M.; Coxon,R.J.; Howseman,A.M.; Chapman,B.;  
 Ordidge,R.J.; Mansfield,P.; Symonds,E.M.; Worthington,B.S. Study of internal structure of  
 the human fetus in utero by echo-planar magnetic resonance imaging. Am J Obstet Gynecol  
 1990; 163:601-607
17. Yamashita Y, Namimoto T, Abe Y, Takahashi M, Iwamasa J, Miyazaki K, Okumura H. MR  
 imaging of the fetus by a HASTE sequence. AJR 1997; 168:513-519
18. Ruano R, Benachi A, Joubin L, Aubry MC, Thalabard JC, Dumez Y, Dommergues M. Fetal  
 lung volume estimated by 3-dimensional ultrasonography and magnetic resonance imaging in  
 cases with isolated congenital diaphragmatic hernia. J Ultrasound Med 2004; 23:353-358
19. Ruano R, Martinovic J, Dommergues M, Aubry M-C, Dumez Y, Benachi A. Accuracy of fetal  
 lung volume assessed by three-dimensional sonography. Ultrasound Obstet gynecol 2005; 26:725-730.

Chapter 3

72

proefschrift franca.indd   72 2-4-2009   9:58:11



 

Lung volume: 3D ultrasonography vs. MRI

 73

proefschrift franca.indd   73 2-4-2009   9:58:11



Chapter 4

proefschrift franca.indd   74 2-4-2009   9:58:12



Three dimensional fetal lung 

volumetry: the free-hand 

with positioning method 

compared with the integrated 

mechanical sweep method

Submitted

FA Gerards

LB Uittenbogaard

MAJ Engels

JWR Twisk

JMG van Vugt

proefschrift franca.indd   75 2-4-2009   9:58:13



Abstract

Objective Three-dimensional volume measurements seem to be a very promising  
 technique to measure volumes of different fetal anatomic structures prenatally.  
 The purpose of this study was to assess the agreement of lung volumes  
 measured with the free-hand with positioning method and the integrated  
 mechanical sweep method in uncomplicated pregnancies.
Methods A prospective study was carried out at the obstetrical outpatient department  
 of the VU University Medical Center Amsterdam. A 3D ultrasound  
 examination with both the free-hand with positioning method and the inte- 
  grated mechanical sweep method were conducted on the same day to  
 measure the fetal lung volumes of 10 women with uncomplicated  
 pregnancies. Intraclass correlation was used to evaluate the agreement  
 between fetal lung volume measurements by the free-hand with positioning  
 method and the integrated mechanical sweep method and the agreement  
 between the multiplanar and rotational mode. A proportionate Bland-Altman  
 plot was constructed.
Results The intraclass correlation coefficient between the free-hand with positioning  
 method and the integrated mechanical sweep method measurements was  
 for the right lung 0.95 (95% CI 0.79-0.99) and 0.94 (95% CI 0.79-0.98) for  
 the left lung. The proportionate limits of agreement between the methods  
 were for the right lung -19.44 % to 34.87 % and for the left lung -28.26%  
 to 22.82 %. The intraclass correlation coefficient between the multiplanar  
 mode and the rotational mode measurements was for the right lung 0.96  
 (95% CI 0.85-0.99) and 0.90 (95% CI 0.65-0.97) for the left lung. The  
 proportionate limits of agreement between the modes were for the right  
 lung -31.49 % to 32.43 % and for the left lung -38.02% to 32.73 %.
Conclusions There is good agreement between lung volumes measured by the free-hand  
 with positioning method and those measured by integrated mechanical  
 sweep method. Also a good agreement was found between the multiplanar  
 and rotational mode. 
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Introduction

Three-dimensional volume measurements seem to be a very promising technique 
to measure volumes of different fetal anatomic structures prenatally 1,2. One of the 
first available techniques was the technique using the free-hand scanning method 
with a sensor directly attached to a normal ultrasound transducer and a transmitter  
to the ultrasound machine 3. The position and orientation of the transducer is measured  
as it is being manipulated. This information is correlated with fetal ultrasound  
images that are being simultaneously digitized. Together, the image data and  
spatial coordinates are used for volume reconstruction of fetal anatomic structures.  
Another technique uses a probe with a built-in electromechanical device for volume  
scanning, involving no external moving parts 1,3. This volume probe integrates combined 
mechanical sweep and curved array technologies and is much easier to use in daily practice. 
In literature, two techniques of volume measurements have been reported: the multiplanar 
mode and the rotational (VOCAL) mode 4,5. The multiplanar mode displays the volume 
in three orthogonal sectional planes. And in these planes a volume can be calculated by  
tracing the volume of interest slice-by-slice. The rotational mode allows volume calculations  
by rotating the organ of interest around a fixed axis through a number of sequential steps. 
The lung area is traced until completion of a 180º rotation. 
The aim of this study was to assess agreement between lung volumes measured using 
the multiplanar technique by the free-hand with positioning method and the integrated  
mechanical sweep method in uncomplicated pregnancies. And also to assess agreement 
between the two measuring techniques: the multiplanar mode and the rotational (VOCAL) 
mode using the integrated mechanical sweep method.

Methods

Sample
A prospective study was conducted at the obstetrical outpatient department of the VU  
University Medical Center Amsterdam. Of 10 uncomplicated pregnancies a 3D ultrasound 
examination with both the free-hand with positioning method and the integrated mecha-
nical sweep method to measure the lung volumes, was conducted on the same day. Each  
patient with gestational age between 24 to 34 weeks was examined only once for the purpose 
of the study. Each week one patient was included and the mean interval between patients 
was 6 (range 5-10) days. The examiners were blinded to each other’s results.  
Inclusion criteria were normal growth (estimated fetal weight P5-P95), without fetal malfor-
mations, and no maternal disease. Exclusion criteria were oligohydramnios (amniotic fluid 
index <P5) and the presence of fetal malformation or abnormal growth (estimated fetal 
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weight <P5 or >P95 and/or abdominal circumference (AC) <P5 or >P95). 
The hospital ethics committee approved the study protocol and all women gave their  
informed consent before the examination. 

Measurements

The free-hand with positioning method 
All examinations were performed by the same examiner (ME) using a Technos MX 
(Esaote, Maastricht, The Netherlands) ultrasound machine equipped with a 3-5-MHz  
transabdominal annular array probe with an integral 3D program. Images were acquired 
by moving the transducer over the maternal abdomen to visualize the entire fetal chest in 
a transverse plane from the neck to below the level of the diaphragm. 3D ultrasound was  
performed using a free-hand scanning technique with a position sensor attached to the 
transducer. Two to five volumes were acquired for each patient in approximately 15 minutes 
and stored on removable magneto-optical disks for off-line analysis. In order to standardize 
measurements of the lung an upper and lower anatomical limit were respectively set at the 
level of the fetal clavicles and at the dome of the diaphragm in the transversal and sagittal 
plane. The outline of each lung was manually traced in 5-6 minutes. From these 2D outlines 
the built-in program automatically constructed and rendered a 3D model of the lung. 

The integrated mechanical sweep method
All examinations were performed by the same examiner (LU) using a Voluson E8 (GE Medical 
Systems, Kretz, Austria) ultrasound machine equipped with a 4-8-MHz transabdominal 
curved array probe with an integral integrated mechanical drive. The fetal chest was visualised 
and the volume box was adjusted for the region of interest. The volume sweep angle was 
set between 45 and 65 degrees. One to three volumes were acquired for each patient in 
approximately 5 minutes and stored for off-line analysis. For the multiplanar mode each 
lung was manually traced in the transverse plane and this was repeated on every image 
showing lung tissue in 5-6 minutes. The ultrasound machine rendered a 3D model of the 
lung. For the rotational mode the surface of the lung was manually traced by rotating the 
longitudinal plane around the vertical axis and defining the lung contours on each plane. 
This took approximately 4 minutes. And again from these contours a 3D model of the lung 
was generated.
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Statistical method

To assess agreement between both the free-hand with positioning method and the integrated  
mechanical sweep method and the multiplanar and rotational mode, volume measurements  
of the right and left lung are compared using the intraclass correlation coefficients.  
Lung volume measurements were performed independently by two observers  
(LU, FG) to determine interobserver variability.  The multiplanar measurements using  
the free-hand with positioning method performed by FG were used for comparing  
with the multiplanar measurements using the integrated mechanical sweep method by LU. 
For comparing the multiplanar mode with the rotational mode, LU used the integrated  
mechanical sweep. Interobserver intraclass correlation coefficients were calculated  
using SPSS, version 11.5(SPSS Inc., Chicago ,IL,USA).  A proportionate Bland–Altman 
plot (difference in lung volume between the two methods plotted divided by the mean of 
both measurements (expressed as %) against the mean lung volume of the two methods) 
was constructed. And the proportionate limits of agreement were calculated.

Results 

For each gestational week between 24 and 34 weeks, the lung volumes were measured 
using the both methods and both modes (Table 1,2). 
When comparing the lung volumes measured with the free-hand with positioning method 
and the integrated mechanical sweep method the intraclass correlation coefficient for the 
right lung was 0.95 (95% CI 0.79-0.99) and for the left lung was 0.94 (95% CI 0.79-
0.98) (Figure 1). Comparing the multiplanar mode with the rotational mode the intraclass  
correlation coefficient for the right lung was 0.96 ( 95% CI 0.85-0.99) and for the left  
lung was 0.90 (95% CI 0.65-0.97) (Figure 2). The proportionate limits of agreement  

Table 1 Multiplanar lung volume measurements with the free-hand with positioning method and the  
 integrated mechanical sweep method

 Right lung Left lung
Parameter volume (mL) volume (mL)

Free-hand- multiplanar 22.40 ±  6.51 18.82 ±  6.68
        (mean ± SD) 
Mechanical - multiplanar 21.22 ±  7.56 19.51 ±  7.43
        (mean ± SD)
Mean of difference  1.18 (-0.29 to 2.66)  -0.69 (-2.45 to 1.07)
        (95% CI)

CI, confidence interval; SD, standard deviation.
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between the methods were for the right lung -19.44 % to 34.87 % and for the left  
lung -28.26% to 22.82 %. And between the modes were for the right lung -31.49 % to  
32.43 % and for the left lung -38.02% to 32.73 %. Bland-Altman plots were constructed 
(Figure 3 and 4). 

Table 2 Multiplanar lung volume measurements and rotational lung volume measurements with the  
 integrated mechanical sweep method 

 Right lung Left lung
Parameter volume (mL) volume (mL)

Mechanical- multiplanar 21.22 ±  7.56 19.51 ±  7.43
      (mean ± SD) 
Mechanical - rotational 19.71 ±  6.43 21.05 ±  7.42
      (mean ± SD)
Mean of difference 0.16 (-1.43 to 1.75) 0.20 (-2.53 to 2.13)
      (95% CI)

Figure 1  Scatterplot showing the correlation between two independent observers who measured 
the right (○) and left (●) lung volumes by using free-hand with positioning method or integrated 
mechanical sweep method in 10 uncomplicated pregnancies. Right lung (ICC = 0.95); left lung  
(ICC = 0.94)
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Figure 2  Scatterplot showing the correlation between two independent observers who measured the 
right (○) and left (●) lung volumes by using multiplanar mode or rotational mode in 10 uncomplicated 
pregnancies. Right lung (ICC = 0.96); left lung (ICC = 0.90)
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Figure 3  Difference between free-hand with positioning method and integrated mechanical sweep 
method (free-hand with positioning method - integrated mechanical sweep method)/mean of both 
measurements x 100% plotted against mean, ((free-hand with positioning method + integrated  
mechanical sweep method)/2), of the right (○) and left (●) lung volume. Bars indicate proportionate 
limits of agreement (2 SD) for left (■) and right (□) lungs. Horizontal lines within each bar represent 
the mean difference
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Discussion

3D ultrasonography already has shown to be reliable and reproducible in measuring  
lung volumes prenatally 6,7. One of the first available techniques was the free-hand with  
positioning method. This free-hand tracking requires the examiner to use a smooth sweeping 
motion in a single plane of acquisition. An advantage of this technique is that it can cover 
a large Field of View (FOV) because the volume is based on images acquired during this 
sweep of the transducer 1. A newer technique is the integrated mechanical sweep technique, 
which have no external moving parts and scan the region of interest with a known geometry. 
However it may provide a more limited FOV that also may make it difficult to image an 
entire organ in a single volume 1. But in daily practice is much easier to use. This is the first 
study to compare lung volumes measured using the multiplanar technique with the free-hand 
with positioning method and the integrated mechanical sweep method. Also the two measuring 
modes: the multiplanar and rotational modes were compared.

Figure 4  Difference between multiplanar mode and rotational mode (multiplanar mode – rotational 
mode)/mean of both modes x 100% plotted against mean, ((multiplanar mode + rotational mode)/2), 
of the right (○) and left (●) lung volume. Bars indicate proportionate limits of  agreement (2 SD) for 
left (■) and right (□) lungs. Horizontal lines within each bar represent the mean difference
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The lung volumes measurements using the free-hand with positioning method and the in-
tegrated mechanical sweep method were performed by two independent observers. Mea-
surements showed high ICC’s, small differences and small limits of agreement. Time to 
measure the lung volumes was for both techniques the same. Therefore nomograms we 
derived in an early study using the free-hand with positioning technique can also be used 
for the lung volumes in complicated pregnancies gathered with the integrated mechanical 
sweep technique 6.
Kalache et al. and Moeglin et al. already demonstrated that the multiplanar mode and ro-
tational mode could measure lung volumes reliably in fetuses 4,5. Also in our study the two 
modes performed by one observer in uncomplicated pregnancies showed high ICC’s and small 
differences. Kalache et al. however, found a higher interobserver variability and lower le-
vel of agreement using the rotational method 4.
Because of the close agreement of both techniques, we conclude that the integrated mecha-
nical sweep technique is the method of choice, because it is easier to use in daily practice. 
When measuring lung volumes, the multiplanar mode should be considered because of the 
higher interobserver correlation compared to the rotational mode.  
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Abstract

           
Objective The purpose of this study was to compare 3D lung volume measurements  
 with 2D biometric parameters in predicting pulmonary hypoplasia in pregnancies  
 complicated by preterm premature rupture of the membranes (PPROM).
Methods In this prospective study, 18 pregnancies complicated by PPROMs at mean  
 21 weeks’ gestation (range 14-32 weeks) were examined. The 3D lung volume  
 measurements and the following 2D biometric parameters were measured:  
 thoracic circumference (TC) versus gestational age or femur length (FL),  
 the TC/ abdominal circumference (AC) ratio and the thoracic area/ heart  
 area (TA/HA) ratio. The sensitivity, specificity, positive and negative predictive  
 value of each measurement to diagnose pulmonary hypoplasia were compared.  
 Pulmonary hypoplasia was diagnosed on the basis of clinical, radiological  
 and/or pathologic criteria.
Results The incidence of pulmonary hypoplasia was 33.3%. The best diagnostic  
 accuracy for predicting pulmonary hypoplasia was achieved using the 3D  
 lung volume measurements versus gestational age (sensitivity 83%, specificity  
 100%, and positive predictive value 100% and negative predictive value 92%). 
Conclusions Three-dimensional lung volume measurements seem to be promising in  
 predicting pulmonary hypoplasia prenatally in pregnancies complicated  
 by PPROM.
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Introduction

Preterm premature rupture of the membranes (PPROMs) with its associated  
oligohydramnios, is a major cause of perinatal morbidity and mortality. It occurs  
in 5-7% of all pregnancies, and is the cause of 30-40% of all preterm deliveries 1.  
The most serious complication of PPROM is pulmonary hypoplasia, which occurs  
in 9-28% of the cases 1-3. Pulmonary hypoplasia is a condition characterized by a  
reduction in the number of lung cells, airways and alveoli, resulting in a lower  
organ size and weight, causing severe respiratory failure and neonatal death 4,5 The  
mortality rate due to this condition is high, ranging from 55 to 100% 5-7. Predicting the  
risk of pulmonary hypoplasia in pregnancies complicated by PPROM may have a  
substantial impact on prenatal and perinatal care. In the past, several ultrasonographic  
techniques have been used to predict pulmonary hypoplasia. The best results were  
achieved using the thoracic circumference (TC) versus gestational age or femur length (FL), 
the TC/ abdominal circumference (AC) ratio and the thoracic/ heart area (TA/HA) ratio 8-11.
Recent studies have suggested that 3D ultrasonography could also be a reliable method 
to determine fetal lung volumes prenatally 12-16. In a previous study, we presented nomo-
grams of both the right and left lung volumes versus gestational age and estimated fetal 
weight (EFW) in uncomplicated pregnancies 12. A good feasibility and reliability were then  
established. 
The aim of this study was to compare 3D lung volume measurements with 2D biometric 
parameters in predicting pulmonary hypoplasia in pregnancies complicated by PPROM.

Methods

Patients and study design
Between November 2002 and April 2005, 24 patients with PPROM were evaluated.  
PPROM was defined as spontaneous or artificial rupture of the membranes before 34  
weeks’ gestation. As a result of PPROM, all pregnancies were complicated by oligohy-
dramnios, defined as an amniotic fluid index (AFI) below the 2.5th percentile 17. 
Six of the 24 patients were excluded from this study because of the following: the main 
parts of the thorax and lung contours could not be identified in one case owing to an  
unfavourable fetal position; and no pathological, clinical or radiological examinations  
were obtained after birth in five cases.
A total of 32, 3D lung scans were recorded. Ten patients were scanned once, three patients 
two times, four patients three times and one patient was scanned four times. If more than 
one examination was carried out, the mean interval between scans was 29 days (range,  
21-41 days).
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The mean gestational age when PPROM was diagnosed, gestational age at the last exami-
nation and the gestational age at birth were established (Table 1). 
The Hospital Ethics Committee approved the study protocol and all women gave their 
informed consent.

Measurements 
All examinations were performed by the same examiner using a 3-5 MHz trans- 
abdominal annular array probe (Technos MX, Esaote, Maastricht, The Netherlands) with a 
built-in 3D program.
For measuring the 3D lung volumes, the free hand with positioning method was used. To 
register the position and orientation of the probe, the transducer was connected to a sensor  
and the ultrasound machine to a transmitter. Two to five volume measurements were  
acquired for each patient and stored on removable magneto-optical disks for off-line  
analysis. In order to standardize the measurements of the lung, the upper and lower  
anatomical limit were respectively set at the level of the fetal clavicles and at the dome of 
the diaphragm in the transversal and sagittal plane. The outline of each lung was manually 
traced with 5-15 slices in 5-10 min. From these 2D outlines, the built-in program auto-
matically constructed and rendered a 3D model of the lung. The volume of this 3D model 
was calculated by the software of the ultrasound machine and displayed in millilitres. The  
formula used for the volume calculation was as follows: Volume = Sum of all drawn  
contours of vol I ((Vol i = distance i * (A + Sqrt (A*B) + B) / 3), (A = Area of contour-1, B = Area  
of contour-2, distance i is the distance between the slices where the contour was drawn). 
For 2D measurements, freeze-frame capabilities were available and on-screen callipers 
were used. The AC, FL and other routine biometry were measured according to the tech-
nique described by Hadlock et al 18. The bony TC, TA and HA were determined from a 
cross section of the fetal thorax at the four-chamber view level, with the heart in ventricular 
diastole 8-11. From this view, the circumferences were directly measured and the areas were 
automatically calculated.

Table 1 The mean gestational age at the onset PPROM, at the last examination and at birth for three PPROM  
 groups.

 Mean GA in weeks (range)

 No. of      At onset of At last  No. of patients

PPROM patients PPROM examination At delivery with PH 

< 20 wks 7 16 1/7 (14-19 4/7)  28 6/7 (22-35 1/7) 30 4/7  (23 5/7-36 2/7) 2

20-26 wks 8 22 4/7 (20-25 4/7)  25 2/7 (21 5/7-27 2/7) 27 1/7 (23 6/7-29 4/7) 4

 > 26 wks 3 30 1/7 (28-32)  30 5/7 (28 5/7-33 2/7) 33 2/7 (29 2/7-39) 0

PPROM , preterm premature rupture of the membranes ; GA, gestaional age ; PH, pulmonary hypoplasia
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Postnatal diagnosis of pulmonary hypoplasia
Pulmonary hypoplasia was defined as a lung/body weight ratio below 0.015 before  
28 weeks’ gestation and below 0.012 after 28 weeks’ gestation 19. If autopsy was not  
available, the clinical and radiological presentation was taken into account. The children  
who died of respiratory failure soon after birth despite artificial ventilation were  
suspected of having pulmonary hypoplasia. Radiological presentation of pulmonary  
hypoplasia consisted of small lung fields with diaphragmatic domes elevated up to the  
seventh rib and/or a bell-shaped chest 20. 

Statistical methods
Three-dimensional lung volume measurements in the study population were compared 
with normal reference curves on the basis of gestational age and EFW 12. A lung volume  
smaller than the 5th percentile was considered abnormal. To assess the intraobserver  
variability, each lung volume was (re-) measured three times by the same examiner.  
Intraobserver and intraclass correlation coefficients were calculated using SPSS,  
version 11.5.  
The TC versus gestational age and FL were compared with nomograms created by 
Fong et al. For the thoracic/AC ratio the normal reference curves by Laudy et al. and  
for the TA/HA  ratio the normal reference curves by Vintzileos et al. were used 8,9,21. 
Again, if the measurements were beneath the 5th percentile it was considered abnormal.  
To asses whether measurements could predict the occurrence of pulmonary  
hypoplasia, the sensitivity, specificity and positive and negative predictive value were  
estimated. If more than one scan was obtained, the final measurements for each case  
before delivery was compared to the standard curves. 

Results 

Pregnancy Outcome
Of the 18 children in the final study group, 10 children survived, 4 children were stillborn 
and 4 children died after birth. 
Of the ten surviving children, two were diagnosed with a mild form of the respiratory  
distress syndrome (RDS) at birth, at 27 and 32 weeks’ gestation, respectively, and one of 
these children also developed a sepsis. The remaining eight children, born between 28 and 
39 weeks’ gestation, had no respiratory problems after birth. 
In two of the four stillborn fetuses, chorioamnionitis was diagnosed. In the other two stillborn 
fetuses, no infection or other causes for the intrauterine death were found on histopathologic 
examination. In three stillborn fetuses, pulmonary hypoplasia was confirmed by the lung/body 
weight ratio (<0.015) and in one stillborn child the lung/body weight ratio was normal (0.018).

2D and 3D ultrasonography in PPROM pregnancies

 91

proefschrift franca.indd   91 2-4-2009   9:58:27



Of the four children who died after birth, pulmonary hypoplasia was suspected in three 
children by both the clinical presentation and radiological examination. They all died 
of respiratory failure within 14 h after birth, despite intensive respiratory care. PPROM  
occurred in these cases at 16, 21 4/7 and 23 weeks’ gestation, respectively, and they were 
born at 29, 29 4/7 and 28 5/7 weeks’ gestation, respectively. The thoracic X-ray showed a 
pneumothorax in one case, and the other two cases had small lung fields with an elevated 
diaphragmatic dome and a bell-shaped thorax. One child died with a normal TC died within 
13 min after birth at 23 6/7 weeks’ gestation because of immaturity. 

Measurements
Figure 1 demonstrates the 3D fetal lung volumes for the total study group plotted on the 
reference ranges for gestational age and Figure 2 for EFW 12.
The 12 fetuses with normal respiratory function or a normal lung/body weight ratio or 
normal thorax circumference had the volumes of their right and left lungs within the  
normal ranges for each gestational age and EFW. Seven fetuses were measured once, and 
five fetuses were measured more than once.  Of the six fetuses with pulmonary hypoplasia, 
three were measured only once, two were measured two times and one was measured three 
times. All the fetuses that were measured only once had their right and left lung volumes  
beneath the 5th percentile for each gestational age. Using the EFW as the independent  
variable, two fetuses had the right and left lung volumes beneath the 5th percentile, and one 
had the right and left lung volumes within the reference ranges. 
One fetus that was measured two times had its right and left lung volumes within the 
normal range at the first visit, but at the second visit the lung volumes were beneath the 
5th percentile for both the gestational age and the EFW. The other fetus that was measured 
twice had its right and left lung volumes within the normal ranges for both the gestational 
age and the EFW.
The fetus that was measured three times had its right and left lung volumes within the 
normal ranges at the initial visits. However, at the last visit before birth, the lung volumes 
measured were beneath the fifth percentile for gestational age and EFW.
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Figure 1  The right and left lung volume measurements of fetuses with (asterisks) and without 
(open blocks) pulmonary hypoplasia after birth for each gestational age compared with the reference 
ranges. 
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Considering the last measurements of lung volume before birth, five of the six fetuses with 
pulmonary hypoplasia (83%) were below the 5th percentile when using the gestational age 
as the independent variable. When using the EFW, four of the six fetuses with pulmo-
nary hypoplasia (67%) were below the 5th percentile. The diagnostic index for the 3D lung  
volume measurements for prediction of pulmonary hypoplasia is shown in Table 2. 

Figure 2  The right and left lung volume measurements of fetuses with (asterisks) and without  
(open blocks) pulmonary hypoplasia after birth for estimated fetal weight compared with the reference 
ranges.
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The intraclass correlation coefficient of the total group was 0.99 for each lung. For the  
pulmonary hypoplasia group the intraclass correlation coefficient was 0.98 (range 0.95-0.99).
Figure 3 demonstrates the TC versus GA, TC versus FL, TC/AC ratio and TA/HA ratio for 
the total study group plotted in the normal reference curves 8,9.21.

The gestational age dependent TC was below the 5th percentile in 6 of the 18 patients 
with PPROM (33 %) and in 3 of the 6 with pulmonary hypoplasia (50 %). If FL was 
used as the independent variable, in 5 of the 18 patients with PPROM (28% and 
in 2 of the 6 with pulmonary hypoplasia (33%), it was below the fifth percentile. 
The other gestational age independent variable, TC/AC ratio, was also below the 
5th percentile in 6 of 18 with PPROM (33%) and 3 of 6 with pulmonary hypoplasia  
(50%). The TA/HA ratio was below the fifth percentile in 11 of the 18 with PPROM (61%) 
and in all 6 with pulmonary hypoplasia (100%). The diagnostic indexes for these biometric 
parameters for prediction of pulmonary hypoplasia are shown in Table 2. 
Comparing the time between the last examination and the date of delivery of each 
PPROM group, no statistical differences were noticed (Table 1). When comparing  
the time between the last examination and the date of delivery of children with 
pulmonary hypoplasia with children without pulmonary hypoplasia, again no  
statistical differences were noticed (2 1/7 weeks and 1 5/7 weeks, respectively).

Table 2 Diagnostic accuracy for prediction of pulmonary hypoplasia

 Sensitivity Specificity PPV NPV 
 (%) (%) (%) (%)

Gestational age dependent measurement
3D LV 83 100 100 92
TC 50 75 50 75
Gestational age independent measurement
3D LV v EFW 67 100 100 86
TC vs FL 33 75 40 69
TC/AC 50 75 50 75
TA/HA 100 58 54 100 

3D LV, 3D lung volume,; TC, thoracic circumference; EFW, estimated fetal weight; FL, femur length; AC, 
abdominal circumference; TA,  thoracic area; HA,  heart area; PPV, positive predictive value; NPV, negative 
predictive value.
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Discussion

PPROM is a common obstetrical problem. The gestational age at rupture, the latency period 
and the volume of amniotic fluid measured with 2D ultrasonography have a well-described 
relation with pulmonary hypoplasia 2,3. Because pulmonary hypoplasia is associated with a 
high neonatal mortality rate, it would be helpful to predict the risk of pulmonary hypoplasia 
in clinical management of PPROM. 
Over the years, the role of several ultrasonographic measurements for the prediction  
of pulmonary hypoplasia has been investigated. The best results were achieved using the 
gestational age dependent TC, the non-gestational age dependent TC versus FL, TC/AC 
ratio and the TA/HA ratio. However, these parameters were not reliable enough for the 
clinical diagnosis and management of pulmonary hypoplasia 8-11.
The new ultrasonographic technique is the 3D ultrasonography. A technique that enables 
us to visualize the perpendicular planes simultaneously (multiplanar imaging) and measure 
the volumes of different organ systems (volume rendering) 22,23. This technique is cheap, 
can be applied easily and fast and is well accepted by patients.
In a recent study, we examined 78 uncomplicated pregnancies longitudinally to create  
nomograms of the right and left lung volumes for different gestational ages and EFW 12.  
A good reliability and feasibility was achieved.  In order to determine the usefulness of 
these nomograms in predicting pulmonary hypoplasia, we examined pregnancies compli-
cated by PPROM. 
We compared the 3D lung volumes measurements with the earlier stated 2D biometric 
parameters of 18 pregnancies complicated by PPROM. In this study, the best diagnostic 
accuracy was achieved using the gestational age dependent 3D lung volumes. A sensitivity 
of 83%, a specificity of 100%, positive predictive value of 100% and a negative predictive 
value of 92% were achieved, whereas the 3D lung volumes versus EFW (non-gestational 
age dependent) had a sensitivity of 67%, specificity of 100%, PPV of 100% and NPV of 
86%. The best diagnostic parameter of the 2D biometric measurements was achieved by 
the TA/HA ratio, with a sensitivity of 100%, specificity of 58%, PPV of 54% and NPV of 
100%.
The differences in diagnostic accuracy between 3D lung volume measurements and 
2D biometric parameters are probably because the former measurements are a direct  
measurement of the entire lung size instead of a distance measurement of only a part of 
the lung. Also, it has already been stated that 3D ultrasonography is more accurate than 2D 
ultrasonography in measuring irregularly shaped objects 23. Three-dimensional ultrasono-
graphy also enables us to obtain views of different planes simultaneously, optimizing the 
anatomical viewing of the entire lung.
The gestational age dependent 3D lung volume measurements had a better diagnostic  

2D and 3D ultrasonography in PPROM pregnancies

 97

proefschrift franca.indd   97 2-4-2009   9:58:33



accuracy than the 3D lung volumes versus EFW. An explanation could be that the EFW was 
less reliable than the gestational age, because it was estimated using four measurements 
with intraobserver variability. The gestational age, on the other hand, was calculated using 
the last menstrual cycle and confirmed by the fetal crown-rump length (at 8-13 weeks). 
Although this is a small study, gestational age dependent 3D lung volume measurements, 
compared with 2D biometric measurements, seem to be better for prenatal prediction of 
pulmonary hypoplasia resulting from PPROM. Larger studies are necessary to confirm 
these results. 
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Abstract

Objective The aim of this study was to compare 3-dimensional (3D) lung volume  
 measurements with 2-dimensional (2D) biometric parameters in predicting  
 pulmonary hypoplasia in complicated pregnancies.
Methods In this prospective study 1-4 scans of the fetal lungs were obtained in 33  
 pregnancies complicated by various disorders or complications with regard  
 to pulmonary hypoplasia.  The 3D lung volumes vs gestational age or estimated  
 fetal weight, the thoracic circumference vs gestational age or femur length,  
 the thoracic/abdominal circumference ratio and the thoracic/heart area  
 ratio were measured. 
Results Of the 33 infants, 16 (48.5 %) were diagnosed with pulmonary hypoplasia  
 on post mortem examination or the clinical and radiological presentation.  
 Three-dimensional lung volume measurements had a better diagnostic  
 accuracy for predicting pulmonary hypoplasia (sensitivity 94%, specificity  
 82%, positive predictive value [PPV] 83%, negative predictive value  
 [NPV] 93%) compared with the best 2D biometric measurement thoracic/ 
 heart area (sensitivity 94%, specificity 47%, PPV 63%, NPV 89%). 

Conclusion  Three-dimensional lung volume measurements seem to be useful in  
 predicting pulmonary hypoplasia prenatally.
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Introduction

Pulmonary hypoplasia is a condition characterized by a reduction in the number of lung cells,  
airways and alveoli, resulting in a lower organ size and weight, causing severe respiratory 
failure and neonatal death 1,2. Pulmonary hypoplasia may be a primary or secondary phe-
nomenon 3-5.  Most cases are secondary to congenital disorders or complications during 
pregnancy, causing thoracic compression, inhibition of fetal breathing movements, or a net 
loss of lung fluid 4,5. 
Several ultrasonographic techniques have been used to predict pulmonary hypoplasia.  
The best results were achieved using the thoracic circumference (TC) vs gestational age 
(GA) or femur length (FL), the TC/abdominal circumference (AC) ratio and the thoracic 
area (TA)/heart area (HA) ratio 6-8. Recent studies suggest that 3-dimensional (3D) ultra-
sonography could be a reliable method to determine fetal lung volumes prenatally 9-13. 
In a previous study, we presented nomograms of right and left lung volumes vs GA and 
estimated fetal weight (EFW) in uncomplicated pregnancies 9.  The aim of this study was 
to compare 3D lung volume measurements with 2-dimensional (2D) biometric parameters 
in predicting pulmonary hypoplasia secondary to congenital disorders or complications 
during pregnancy.

Materials and Methods

Patients and Study Design
Between October 2002 and March 2005, a prospective study was conducted at the obstetrical 
outpatient department of the VU University Medical Center. The study population consisted 
of 36 fetuses in the following categories: intrauterine growth restriction (IUGR) (n = 9), renal 
anomalies (n = 11), skeletal and neuromuscular malformations (n = 8) and various disorders 
such as hydrops fetalis and gastroschisis (n = 8). Three infants were excluded because no  
pathological, clinical or radiological examinations were obtained after birth. A total of 54 fetal  
lung scans from 33 infants suspected for pulmonary hypoplasia were recorded. Twenty-four  
patients were scanned once, 1 patient twice, 5 patients 3 times, 2 patients 4 times and 1 
patient was scanned 5 times. If more than 1 scan was obtained, the mean interval between 
scans was 28 days (range, 20-35 days). Of the 54 scans, 3 scans (5.5%) were excluded 
because main parts of the lung contour could not be identified because of unfavorable fetal 
position.
The Hospital Ethics Committee approved the study protocol, and all women gave their 
informed consent. 
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Measurements
All examinations were performed by the same examiner using a 3-5 MHz transabdominal 
annular array probe (Technos MX, Esaote, Maastricht, The Netherlands) with a built-in 
3D program. Three-dimensional ultrasound scan was performed using a free-hand scanning 
with a position sensor attached to the transducer.  Two to 5 volumes were acquired for each  
patient and stored on removable magneto-optical disks for off-line analysis. To standardize  
measurements of the lung, an upper and lower anatomical limit were, respectively, set 
at the level of the fetal clavicles and at the dome of the diaphragm in the transversal and  
sagittal plane. The outline of each lung was manually traced with 5-15 slices in 5-10 minutes.  
From these 2D outlines, the built-in program automatically constructed and rendered  
a 3D model of the lung. The volume of this model was calculated by software of the  
ultrasound machine and displayed in millilitres. The formula used for volume calculation 
was as follows: volume = sum of all drawn contours of vol I ([Vol i = distance i * (A + Sqrt 
(A*B) + B) / 3], where A is area of contour 1, B is Area of contour 2, and distance i is the 
distance between the slices where the contour was drawn).
For 2D measurements, freeze-frame capabilities were available and on-screen callipers 
were used. Abdominal circumference (AC), FL and other routine biometry were measured 
according to the technique described by Hadlock et al. 14. The bony TC, TA and HA were 
determined from a cross-section of the fetal thorax at the 4-chamber view level with the 
heart in ventricular diastole 6-8. From this view, circumferences and areas were automati-
cally calculated.

Postnatal diagnosis of pulmonary hypoplasia
Pulmonary hypoplasia was defined as a lung/body weight ratio less than 0.015 before 28 
weeks’ gestation and less than 0.012 after 28 weeks’ gestation 15. If autopsy was not avai-
lable, the clinical and radiological presentation was taken into account. Children who died 
soon after birth of respiratory failure despite artificial ventilation were suspected for pul-
monary hypoplasia. Radiological presentation of pulmonary hypoplasia consisted of small 
lung fields with diaphragmatic domes elevated up to the seventh rib and/or a bell-shaped 
chest 16. 

Statistical methods
The 3D lung volume measurements in the study population were compared with normal 
reference curves based on GA and EFW 10. Lung volumes smaller than the 5th percentile 
were considered abnormal. Inter- and intraobserver agreement of 3D lung volumes measu-
rements were reported earlier 9. The intraobserver correlations are 0.97 (range 0.93 to 0.99) 
for the right and 0.95 (range 0.90 to 0.98) for the left lung volumes. The interobserver cor-
relations are 0.97 for the right and 0.96 for the left lung. 
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TC vs GA and FL were compared with nomograms created by Fong et al. 17.  For the TC/
AC ratio, normal reference curves by Laudy et al. 7 and for the TA/HA ratio normal reference 
curves by Vintzileos et al. 6 were used. If measurements were beneath the 5th percentile, it 
was considered abnormal. 
To asses whether measurements could predict the occurrence of pulmonary  
hypoplasia, sensitivity, specificity, positive (PPV) and negative predictive value (NPV) of 
the final measurements before delivery were estimated and compared for each measuring 
technique. If more than 1 scan was obtained, the first and final measurements were compared. 

Results

Outcome
In the renal anomaly group, 11 infants were examined, with the following anomalies:  
renal hypoplasia (n = 4), renal agenesis (n = 4), multicystic (n = 2) and polycystic  
kidney disease (n = 1). The amniotic fluid index (AFI) was below the 5th percentile  
in 10 cases 18. Five pregnancies were terminated at mean 24 1/7 weeks’ gestation  
(range, 20 3/7 to 29 5/7 weeks). In all cases, a pathological examination was conducted  
and revealed pulmonary hypoplasia in 4 cases. Six pregnancies were ongoing and  
mean GA at birth was 39 1/7 weeks (range, 35 5/6 to 40 5/7 weeks). Four infants  
died soon after birth, and pulmonary hypoplasia was diagnosed in 3 infants by  
pathological examination and in 1 infant by the clinical and radiological presentation. 
In the skeletal and neuromuscular malformations group, 8 infants were examined, with the 
following malformations: thanatophoric dwarfism (n = 3), osteogenesis imperfecta (n = 1), 
Ellis-van Creveld syndrome (n = 2), and Pena Shokeir syndrome (n = 2). Seven pregnancies 
were terminated at mean 23 1/7 weeks’ gestation (range, 19 6/7 to 25 5/7 weeks). None of 
the children survived. Pathological examination was conducted in all cases and revealed 
pulmonary hypoplasia in 4 infants. One pregnancy was ongoing and GA at birth was 37 
weeks. The infant died soon after birth and pulmonary hypoplasia was suspected by the 
clinical and radiological presentation.  
A various disorder group of 6 infants were examined, with the following disorders: congenital 
cystic adenomatoid malformation (n = 1), lung tumour (n = 1), hydrops fetalis (n =3) and 
gastroschisis (n = 1). One pregnancy, complicated by hydrops fetalis, was terminated at 
25 weeks’ gestation and pathological examination revealed pulmonary hypoplasia. Five 
pregnancies were ongoing and mean GA at birth was 37 weeks (range, 32 4/7 to 40 2/7 
weeks). Two infants died after birth: 1 infant because of pulmonary hypoplasia (clinical 
and radiological presentation) and 1 infant because of sepsis.  
Also, 8 infants with IUGR and oligohydramnios, caused by uteroplacental insufficiency,  
were examined. EFW and AFI were below the 5th percentile and the pulsatility index  

2D and 3D ultrasonography in complicated pregnancies

 107

proefschrift franca.indd   107 2-4-2009   9:58:37



of the umbilical artery was above the 95th percentile, suggesting uteroplacental insuffi-
ciency 18-20.  One pregnancy was terminated at 25 1/7 weeks’ gestation, and radiological 
examination did not reveal pulmonary hypoplasia. Seven pregnancies were ongoing and 
mean GA at birth was 30 4/7 weeks (range, 29 2/7 to 32 5/7 weeks). Three infants died after 
birth: 2 infants because of lung bleedings or circulatory insufficiency and 1 infant because 
of pulmonary hypoplasia (clinical and radiological presentation). 
So of the 33 infants, 16 (48.5 %) were diagnosed with pulmonary hypoplasia on post mortem 
examination or the clinical and radiological presentation.

Measurements
Figure 1 demonstrates 3D lung volumes plotted on reference ranges for GA and Figure 2 
for EFW. The renal anomalies are given in green, the skeletal and neuromuscular malfor-
mations in blue, the various disorders in red, and the IUGR group in purple. 

Figure 1   The right and left lung  
volume measurements of fetuses with 
(closed circles) and without (open blocks) 
pulmonary hypoplasia after birth for 
GA for the renal anomalies (green), the 
skeletal and neuromuscular malformations 
(blue), the various disorders (red) and 
the IUGR group (purple), compared 
with reference ranges. 
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Using the measurements of the first visit, right and left lung volumes were beneath the 5th  
percentile for each GA of 11 infants with pulmonary hypoplasia (69%)and 4 infants without 
pulmonary hypoplasia (24%). For EFW, right and left lung volumes were beneath the 5th 
percentile of only 8 infants with pulmonary hypoplasia (50%). Using the last measurements 
before birth, right and left lung volumes were beneath the 5th percentile for each GA in 15 
of 16 infants with pulmonary hypoplasia (94%) and 3 of 17 infants without pulmonary 
hypoplasia (18%). For EFW right and left lung volumes were beneath the 5th percentile in 
only 11 infants with pulmonary hypoplasia (69%)

Figure 2   The right and left lung  
volume measurements of fetuses 
with (closed circles) and without 
(open blocks) pulmonary hypoplasia 
after birth for estimated fetal weight 
for the renal anomalies (green), the 
skeletal and neuromuscular malfor-
mations (blue), the various disorders 
(red) and the IUGR group (purple), 
compared with reference ranges.
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Figure 3 demonstrates TC vs GA, TC vs FL, TC/AC ratio, and TA/HA ratio plotted  
in the reference curves. Again, the renal anomalies are given in green, the skeletal  
and neuromuscular malformations in blue, the various disorders in red, and the 
IUGR group in purple. GA-dependent TC was below the 5th percentile in 10 infants  
with pulmonary hypoplasia (63%) and 9 infants without pulmonary hypoplasia  
(53%). If FL was used as the independent variable, TC was in only 4 infants with pul-
monary hypoplasia (25%) below the 5th percentile. The TC/AC ratio was below  
the 5th percentile in 13 infants with pulmonary hypoplasia (81%) and 7 infants without  
pulmonary hypoplasia (41%). The TA/HA ratio was below the 5th percentile in 15 infants  
with pulmonary hypoplasia (94%) and 9 infants without pulmonary hypoplasia (53%). 
The diagnostic indexes for 3D and 2D parameters for prediction of pulmonary hy-
poplasia in the overall group are shown in Table 1, the renal anomalies in Table 2,  
the skeletal and neuromuscular malformations in Table 3 and the various disorders in Table 
4. Because only 1 infant in the IUGR group was diagnosed with pulmonary hypoplasia, no 
diagnostic indexes for prediction of pulmonary hypoplasia were calculated.

Table 1  Diagnostic accuracy of prediction of pulmonary hypoplasia for the overall group.

 Sensitivity Specificity PPV NPV 
 (%) (%) (%) (%)

Gestational age dependent measurement
3D LV 94 82 83 93
TC 63 47 53 57
Gestational age independent measurement
3D LV v EFW 62 100 100 74
TC vs FL 25 100 100 59
TC/AC 81 59 65 77
TA/HA 94 47 63 89

3D LV, 3D lung volume,; TC, thoracic circumference; EFW, estimated fetal weight; FL, femur length; AC, 
abdominal circumference; TA,  thoracic area; HA,  heart area; PPV, positive predictive value; NPV, negative 
predictive value.

Table 2  Diagnostic accuracy of prediction of pulmonary hypoplasia for renal anomalies. 

 Sensitivity Specificity PPV NPV 
 (%) (%) (%) (%)

Gestational age dependent measurement
3D LV 88 100 100 75 
TC 63 67 83 40
Gestational age independent measurement
3D LV v EFW 88 100 100 75
TC vs FL 50 100 100 43
TC/AC 75 67 86 50
TA/HA 88 67 88 67 
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Comment

One of the advantages of 3D ultrasonography over 2D ultrasonography is the possibility 
of volume measurements 21,22. Because pulmonary hypoplasia is characterized by a lower 
organ size and weight, it was hypothesized that 3D lung volume measurements could be 
a new possibility for detecting pulmonary hypoplasia prenatally. Only a few small studies 
have examined this prognostic value of 3D ultrasonography 11,23 -25. 
In a previous study measuring lung volumes in uncomplicated pregnancies, we reported a 
success rate of 96% 9. Other studies reported success rates between 85 and 90% 11-13. But 
in case of lung and thorax malformations or a decreased AFI, it has been suggested that 
success rates could be lower because of inadequate visualization of the lungs. However, in 
this study we had to exclude only 5.5% of the volumes. In a previous study of pregnancies 
complicated by preterm premature rupture of the membranes (PPROM), only 4.2 % had 
to be excluded 23. So in case of malformations or complications during pregnancy, a good 
image quality can be obtained. 
We compared 3D lung volumes measurements with 2D biometric parameters of 33  
pregnancies complicated by different disorders or complications. The 3D lung volume 
measurements had a better diagnostic accuracy for predicting pulmonary hypoplasia  

Table 3 Diagnostic accuracy of prediction of pulmonary hypoplasia for skeletal and neuromuscular malformations.

 Sensitivity Specificity PPV NPV 
 (%) (%) (%) (%)

Gestational age dependent measurement
3D LV 100 100 100 100
TC 80 67 80 67
Gestational age independent measurement
3D LV v EFW 20 100 100 43
TC vs FL 0 100 0 38 
TC/AC 80 33 67 50
TA/HA 100 0 63 0

Table 4 Diagnostic accuracy of prediction of pulmonary hypoplasia for various disorders.

 Sensitivity Specificity PPV NPV 
 (%) (%) (%) (%)

Gestational age dependent measurement
3D LV 100 100 100 100
TC 0 75 0 60
Gestational age independent measurement
3D LV v EFW 100 100 100 100
TC vs FL 0 100 0 67
TC/AC 50 50 33 67
TA/HA 100 75 67 100
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(sensitivity 94%, specificity 82%, PPV 83%, NPV 93%), compared with the best 2D  
biometric measurement TA/HA (sensitivity 94%, specificity 47%, PPV 63%, NPV  
89%). The best diagnostic accuracy was achieved using GA-dependent 3D lung  
volumes in the renal anomalies, skeletal and neuromuscular malformations, and  
various disorders group. The 3D lung volumes versus EFW had the same diagnostic  
accuracy as the GA-dependent 3D lung volumes in the renal anomalies and various  
disorders group. But for the skeletal and neuromuscular malformations group, 3D 
lung volumes vs EFW were less accurate. However, in the IUGR group, 3D lung  
volumes vs EFW had a better diagnostic accuracy than GA-dependent 3D lung  
volumes. When comparing the different 2D measurements, the best diagnostic parameters 
were different for each disorder or malformation; for renal anomalies, the TA/HA ratio; for 
skeletal and neuromuscular malformations, the TC versus GA; for various disorders, the 
TA/HA ratio; and for IUGR group, the TC/AC ratio.
The differences in diagnostic accuracy between 3D lung volume measurements and 2D 
biometric parameters are probably because 3D volume measurements are a direct measure-
ment of the entire lung size instead of a distance measurement of a part of the lung. Also, it 
has already been stated that 3D ultrasonography is more accurate than 2D ultrasonography 
in measuring irregularly shaped objects 27. 3D ultrasonography also enables us to obtain 
views of different planes simultaneously, optimizing the anatomical viewing of the entire 
lung. 
For skeletal or neuromuscular malformations, the diagnostic accuracy of GA- 
dependent 3D lung volumes is better than of 3D lung volumes vs EFW, probably because 
EFW is less reliable because of the fact that different organ systems are not compromised 
equally and measurements are less reliable because of deformed skeletal tissue.
In the IUGR group, only 1 infant was diagnosed with pulmonary hypoplasia and right and 
left lung volumes were below the 5th percentile for GA and EFW. A few infants also had 
right and left lung volumes below the 5th percentile for GA, but no pulmonary hypoplasia 
was diagnosed after birth. When comparing these lung volumes with reference ranges for 
EFW, lung volumes were within the normal ranges. So lung volume measurements were 
decreased for GA but in proportion to EFW. This finding supports the idea of Osada et al 11 
that in cases of IUGR, lung growth also proceeds at a lower speed. 
The differences between the 2D biometric parameters of the different groups can be ex-
plained for each group. For renal anomalies the use of TC/AC ratio is inappropriate because 
of frequently observed enlargement of the abdomen, which is secondary to the distended 
urinary tract. In case of fetal congenital anomalies such as ascites and gastroschisis, the AC 
measurement can also be distorted or altered. In the presence of skeletal and neuromuscular 
malformations, the use of TC vs FL or TC/AC ratio is inappropriate because the different 
fetal organs are not equally compromised. In case of hydrops, the use of TC is also inap-
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propriate because although pulmonary hypoplasia can be present, TC can be unchanged or 
even enlarged. 
In this study only a small group of infants was measured more than once. When comparing 
the last measurements before birth with the measurements at the first visit, the accuracy of 
the last measurements is better. So if lung volumes are within the normal ranges, pulmona-
ry hypoplasia can still develop over time, and volumes will end up below the 5th percentile. 
The same outcome was found in a previous study of pregnancies complicated by PPROM 
23, implying the importance of measuring longitudinally if possible. 
Although this is a small study, 3D lung volume measurements, compared with 2D 
biometric parameters, seems to be better for antenatal prediction of pulmonary  
hypoplasia secondary to congenital disorders or complications during pregnancy. Larger 
studies are necessary to confirm these results. 
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Abstract

Objective The aim of the study was to evaluate the prognostic utility of 2D lung area  
 and 3D lung volume measurements of the contralateral lung in infants with  
 congenital diaphragmatic hernia.
Methods At 18-37 weeks’ gestation between 1 and 5 scans of the contralateral fetal  
 lung were obtained in 6 pregnancies complicated by congenital diaphragmatic  
 hernia (5 left- and 1 right-sided). Lung volume measurements were compared  
 with reference curves for gestational age and estimated fetal weight  
 obtained from uncomplicated pregnancies. Lung area measurements were  
 compared with reference nomograms.
Results Three infants survived and 3 died. Lung volume measurements versus  
 gestational age were beneath the 5th percentile for the nonsurviving infants  
 and within the normal ranges for the surviving infants. When comparing  
 the observed/expected lung volume and lung area ratios of the first  
 measurements with the ratios at the last visit before birth, the ratios of the  
 infants who subsequently died decreased whereas the ratios of the infants  
 who survived  remained unchanged or increased. 
Conclusions In case of congenital diaphragmatic hernia, 3D lung volume measurements  
 seem to be a good predictor of outcome but longitudinal measurement also  
 provides important additional information. Larger studies are necessary to  
 confirm these results.
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Introduction

Congenital diaphragmatic hernia is caused by an incomplete fusion of the pleuroperitoneal 
fold with the dorsal mesentery of the trachea 1.  The incidence of congenital diaphragmatic 
hernia is 1 in 2,000-4,000 live births. It is a correctable malformation with survival rate 
ranges between 50 and 80%.  Survival depends, among other factors, on case-selection, 
the presence or absence of other defects, the degree of associated pulmonary hypoplasia, 
and the development of pulmonary hypertension 2,3. In congenital diaphragmatic hernia 
the herniation of the viscera into the thorax causes competition for space with the lung, 
resulting in pulmonary hypoplasia. Because of the mediastinal shift, both the ipsilateral and 
contralateral lung may be hypoplastic 4. 
The fetal lung-area to head circumference ratio (LHR) is currently the most widely used  
method for antenatal prediction of outcome 5,6, but recently contradictory results have been 
published 7. In a study by Peralta et al., the authors stated that dividing the lung area by the head 
circumference did not correct for the gestation-related increase. They concluded that the most 
reproducible way of measuring the lung area was by manual tracing of the limits of the lung and 
taking gestational age into account 8. Recent studies suggest that 3D ultrasonography could be a  
reliable method to determine fetal lung volumes prenatally 9-12. In a previous study we 
presented nomograms of right- and left-lung volumes versus gestational age (GA) and esti-
mated fetal weight (EFW) in uncomplicated pregnancies 13. Good feasibility and reliability 
were established. The aim of this study was to evaluate the role of 2D lung area and 3D 
lung volume measurements of the contralateral lung in assessing prognosis in infants with 
congenital diaphragmatic hernia.

Methods 

Patients and study design
From September 2003 to March 2005, a prospective, longitudinal study was conducted  
at the obstetrical outpatient department of the VU University Medical Center, Amsterdam. 
The study population consisted of 6 pregnancies complicated by isolated congenital 
diaphragmatic hernia (5 left-sided and 1 right-sided). A detailed ultrasound examination  
was performed. No associated anomalies were diagnosed, either antenatally or in the  
neonatal period. A total of 21 fetal lung scans from 6 infants were recorded. One patient 
was scanned once, 1 patient twice, 2 patients four times and 2 patients were scanned five 
times (Table 1). If more than one scan was obtained the mean interval between scans was 
29 days (range 14 - 49 days). Gestational age ranged from 18 to 37 weeks. Of the 21, 3D 
lung volume measurements (right or left lung), 2 (9.5%) were excluded because main parts 
of the lung contour could not be identified due to unfavourable fetal position.
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Results were not documented in the patients’ report and therefore had no influence on the 
obstetric and neonatal management of any patient. The Hospital Ethics Committee approved 
the study protocol and all women gave their informed consent.

Measurements
All examinations were performed by the same examiner using a 3-5 MHz transabdominal 
annular array probe (Technos MX, Esaote) with a built-in 3D program.
Ultrasound images were acquired by moving the transducer over the maternal abdomen 
to visualize the entire fetal chest in a transverse plane from the neck to below the level of 
the diaphragm. The free hand with positioning method was used. To register the position 
and orientation of the probe, the transducer was connected to a sensor and the ultrasound  
machine to a transmitter. Between 2 and 5 volumes were acquired for each patient and stored 
on removable magneto-optical disks for off-line analysis. Only when the diaphragm, clavicle 
and lung contour of the contralateral side were visible were the volumes included in the 
final analysis. The outline of the contralateral lung was manually traced with 5-15 slices in 
5-10 min. The computer automatically outlined the total lung from these slices but if the 

Table 1   Prenatal measurements and postnatal outcome for each infant.

N GA at US Side  FLV FLA O/E LV O/E LV  O/E LA GA at Birth Outcome
 weeks  ml mm2 vs. GA vs. EFW vs. GA birth weight, g  

1 34+4 Left 38.1 430 0.8 0.83 0.47 38+2 2,400 AW
2 22+6 Left 8.69 340 0.81 0.94 0.71 39+4 3,500 AW
 29+5  23.8 610 0.82 0.92 0.75   
3 18+5 Right 1.75 90 0.48 0.49 0.5 39 3,000 NS
 22+4  3.23 120      
 26+5  4.88 150      
 31+5  10.9 190 0.4 0.41    
 35  - 210 -  0.33   
4 21 Left 4.64 130 0.6 0.51 0.34 39+1 3,000 NS
 26  6.2 200
 30  11.0 260
 37  19.5 300 0.33 0.37 0.33
5 23+4 Left 6.77 300 0.56 0.48 0.58 38+5 3,400  AW
 26+6  10.66 320
 30+6  - 390
 32+6  20.7 400
 36  29.9 540 0.56 0.51 0.59
6 20+4 Left 3.51 140 0.49 0.47 0.39 41+1 3,000 NS
 24+6  5.0 220
 28+6  9.4 280
 33+6  15.7 320 0.35 0.44 0.35

N = Case number; US = ultrasonography; FLV = fetal lung volume; FLA = fetal lung area, 
O/ E LV = observed/expected lung volume; O/ E LA = observed/expected lung area; NS = non-surviving;  
AW = alive and well. 
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shape of the lung changed the contouring procedure was repeated. From these 2D outlines 
the built-in program automatically constructed and rendered a 3D model of the lung. The 
volume of this 3D model was calculated by the software of the ultrasound machine and dis-
played in ml. The formula used for the volume calculation was: volume = sum of all drawn 
contours of vol i ((vol i = distance i * [A + √ (A*B) + B] / 3), where A = area of contour 1, 
B = area of contour 2, and distance i = the distance between the slices where the contour 
was drawn).
For 2D measurements, freeze-frame capabilities were available and on-screen callipers 
were used. The lung area on the contralateral side of the hernia was calculated in the cross-
sectional plane of the thorax with the 4-chamber view of the heart by manual tracing of the 
limits of the lungs 8.

Postnatal parameters
From the neonatal charts the outcome of the infant (survival/non-survival) was documented. 
All infants were born at the Erasmus MC-Sophia Children’s Hospital, Rotterdam, which 
is 1 of 2 units in the Netherlands with facilities for extracorporeal membrane oxygenation 
(ECMO). Postnatal survival was defined as being alive at least 3 months after discharge 
from the hospital. 

Statistical Methods
3D lung volume measurements in the study population were compared with normal refe-
rence curves based on GA and EFW 13. A lung volume smaller than the 5th percentile was 
considered abnormal. The observed/expected lung volume ratios were also calculated. To 
assess the intraobserver variability each lung volume was measured 3 times by the same 
examiner. Intraobserver intraclass correlation coefficients were calculated using SPSS, version 
11.5.  The intraclass correlation coefficient was 0.99 (95% confidence interval 0.97-0.99).
Lung area measurements were compared with nomograms created by Peralta  
et al. 8. Again, a lung area smaller than the 5th percentile was considered abnormal.  
Also the observed/expected lung area ratios were calculated. To assess the  
intraobserver variability each lung area was measured 3 times by the same examiner.  
Intraobserver intraclass correlation coefficients were calculated using SPSS,  
version 11.5.  The intraclass correlation coefficient was 0.97 (95% confidence interval 
0.95-0.99).
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Results

Outcome
Three infants survived and 3 infants died by the 20th day of life (Table 1). The karyotypes  
of 3 fetuses were obtained (1 surviving infants and 2 non-surviving infants)  
and were normal in all cases. Two of the 3 survivors and all of the 3 non-suvivors  
received ECMO. One survivor was only treated with high frequency oscillation/  
synchronised intermittent mandatory ventilation. Surgery was performed in all cases. The 
delivery and postnatal treatment took place in the Erasmus MC-Sophia Children’s Hospital, 
which has ECMO facilities. Two of the non-survivors died because of circulatory failure as 
a result of non-treatable pulmonary hypertension and 1 died as the consequence of pulmonary 
hypoplasia. No postmortem examinations were performed.

Measurements
The lung volume measurements of the contralateral lung were compared with the reference 
curves of fetal lungs for GA and EFW, obtained from uncomplicated pregnancies (Figure 1 
and 2) 13. In the early second trimester the lung volumes for all the fetuses were within 
the normal range for GA. The last volumes of the contralateral lung before delivery were 
below the 5th percentile for the 3 non-surviving infants and within the normal ranges for 
the 3 surviving infants (Figure 1). The initial lung volumes versus EFW were again within 
the normal ranges for all 6 infants but the last measurements before birth were beneath the 
5th percentile for the 3 non-surviving infants and for 1 of the surviving infants (Figure 2). 
When comparing the first with the last observed/expected lung volume ratios versus GA and  
EFW a difference was noticed between the infants who died and the infants who survived 
after birth. The observed / expected lung volume ratios of the 3 infants who died after birth 
decreased with advancing GA and increasing EFW and the observed / expected lung volume 
ratios of the 2 surviving infants remained unchanged or increased (Figure 3). One of the 
surviving infants was scanned only once.
The lung area measurements of the contralateral lung were compared with the reference  
curves for each GA, obtained from uncomplicated pregnancies by Peralta et al. (Figure 4) 8.  
The lung areas of the contralateral lung were below the 5th percentile for each GA for  
the 3 non-surviving infants and for 2 of the 3 surviving infants. For only 1 surviving  
infant was the lung area within the normal ranges. When comparing the  
initial observed/expected lung area ratio with the last measured observed/expected lung 
area ratio for GA, the ratios of the infants who died after birth decreased during GA and the 
ratios of the surviving infants remained unchanged or increased (Figure 3).
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Figure 1   The contralateral lung volume measurements of fetuses not surviving (diamonds, squares, and 
asterisks) and surviving (triangles and circles) after birth compared with the reference ranges for 
gestational age. Lines indicate the mean, 5th and 95th centiles.
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Figure 2   The contralateral lung volume measurements of fetuses not surviving (diamonds, squares, and 
asterisks) and surviving (triangles and circles) after birth compared with the reference ranges for 
estimated fetal weight. Lines indicate the mean, 5th and 95th centiles.
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Figure 3   The contralateral lung area 
measurements of fetuses not surviving 
(diamonds, squares, and asterisks) and 
surviving (triangles and circles) after 
birth compared with the reference ranges 
for gestational age by Peralta et al 8.  
Lines indicate the mean, 5th and 95th 
centiles.

Figure 4   The observed/expected lung volume and lung area ratios of fetuses not surviving (dia-
monds, squares, and asterisks) and surviving (triangles and circles) versus GA or EFW.
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Discussion

Histopathological studies in animals and infants who died postnatally have demonstrated 
that with congenital diaphragmatic hernia both lungs are hypoplastic, although the ipsilateral 
lung suffers significantly more severe damage 4,14. Bahlmann et al. stated that the severity 
of hypoplasia of the contralateral lung plays a decisive role with regard to survival 15. 
In our study, 3D lung volume measurements and lung area measurements were obtained 
from the contralateral lung. Identification of the ipsilateral lung is difficult because the 
intestine, spleen, liver and compressed lung may have a similar echogenicity. The GA-
dependent 3D lung volume measurements seems to have a better diagnostic accuracy than 
the 3D lung volume versus EFW, correctly predicting the outcome of 3 surviving and 3 
non-surviving infants versus 2 surviving and 3 non-surviving infants, respectively. An ex-
planation could be that the EFW was less reliable than the GA because it was estimated 
using 4 measurements, which introduced intraobserver variability. The GA, on the other 
hand, was calculated using the last menstrual age and confirmed by the fetal crown-rump 
length (at 8-13 weeks). The same outcome was established in a previous study of pregnan-
cies complicated by PPROM and a study of congenital disorders or complications during 
pregnancy 9,10. 
It remains to be seen whether relative lung volume will be a stronger prognostic  
indicator than lung area in case of congenital diaphragmatic hernia, but in theory  
3D lung volume measurements have potential advantages over 2D lung area  
measurements. 3D volume measurements are a direct measurement of the entire lung size 
instead of a cross-sectional area of only a part of the lung, and  it has already been stated 
that 3D ultrasonography is more accurate than 2D ultrasonography in measuring irregularly 
shaped objects 16. 3D ultrasonography also enables us to obtain views of different planes 
simultaneously, optimising the anatomical viewing of the entire lung. 
In this study the lung volumes of all infants were within the normal ranges in 
the beginning of the second trimester. In the course of time the growth of the  
contralateral lung seems to have been slower in the 3 non-surviving infants and at the end 
of the second trimester their volumes were smaller than the 5th percentile.  This observation 
was also described by Sokol et al.17. They stated that although in the midtrimester there 
may not even be evidence of ipsilateral lung hypoplasia, their observations suggest that 
there may be progressive ipsilateral, and in some cases, contralateral lung hypoplasia in the 
second half of pregnancy. They hypothesized that this progression may be due to intrinsic 
parenchymal pathology or may be the result of reduced thoracic space.
When comparing the observed/expected lung volume ratios, a difference was noticed 
between the non-surviving and surviving infants. Between the first and last measurements 
the observed/ expected ratios decreased in the non-surviving infants, but in the surviving 
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infants the ratios remained unchanged or increased. The same difference between non-surviving 
and surviving infants was noticed when comparing the observed/expected lung area ratios 
between the first and last measurements. This suggests the importance of measuring longi-
tudinally, if possible. 
In this small study 3D lung volume measurements seem to be a good predictor  
of outcome in case of congenital diaphragmatic hernia. Larger studies are necessary  
to assess the clinical value of lung volume measured longitudinally using 3D  
ultrasonography and lung area measurements in fetuses with congenital diaphragmatic hernia. 
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Abstract

Objective The purpose of this study was to determine whether the PI and RI of the  
 ductus arteriosus could predict the occurrence of pulmonary hypoplasia  
 secondary to congenital disorders or complications during pregnancy. 
Methods In this longitudinal study 78 uncomplicated pregnancies and 51 pregnancies  
 complicated by various disorders or complications with regard to pulmonary  
 hypoplasia were studied by Doppler sonography between 18 and 35 weeks  
 of gestation. A PI and a RI above the 97.5 percentile was considered abnormal.
Results Using multilevel modelling reference curves of the PI and RI of the ductus  
 arteriosus were created based on 301 measurements. Of the 51 complicated  
 pregnancies, 22 infants (43 %) were diagnosed with pulmonary hypoplasia  
 on post mortem examination and/or the clinical and radiological presentation.  
 Using the PI a sensitivity of 36%, a specificity of 93%, PPV of 80% and  
 NPV of 66% were found. And using the RI a sensitivity of 32%, a specificity  
 of 100%, PPV of 100% and NPV of 66% were calculated.
Conclusion PI and RI of the ductus arteriosus are not useful in predicting the occurrence  
 of pulmonary hypoplasia secondary to congenital disorders or complications  
 during pregnancy.
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Introduction

Pulmonary hypoplasia is mostly secondary to congenital disorders or complications 
during pregnancy causing thoracic compression, inhibition of fetal breathing movements  
or a net loss of lung fluid 1,2. It is a condition characterized by a reduction in the number  
of lung cells, airways and alveoli, resulting in a lower organ size and weight, causing  
severe respiratory failure and neonatal death 3,4. Postmortem studies have shown that  
pulmonary hypoplasia is also characterised by a decreased size of the pulmonary  
vascular bed, reduced vessel count per unit of lung tissue and increased  
muscularization in peripheral vessels. This results in changes in pulmonary and ductal velocity  
waveforms 5-11. In fetuses diagnosed with pulmonary hypoplasia a reduced breathing related  
ductal peak systolic flow velocity modulation was observed 12. 
The purpose of this study was to determine whether the pulsatility index (PI) and resistance 
index (RI) of the ductus arteriosus, measured longitudinally, could predict the occurrence of  
pulmonary hypoplasia secondary to congenital disorders or complications during pregnancy. 

Methods

Sample
From October 2002 to April 2005, a prospective study was conducted at the obstetrical 
outpatient department of the VU University Medical Center Amsterdam. The first study 
population consisted of 78 uncomplicated pregnancies measured 3 (n=4) to 4 (n=74) times 
during pregnancy, with a mean interval of 4 weeks (range 3-5 weeks). Gestational ages 
at recruitment were 18 (n=16), 19 (n=16), 20 (n=17), 21 (n=14) or 22 (n=15) weeks. All 
pregnancies had a known last menstrual age, which was confirmed by ultrasonographic 
measurement of the fetal crown-rump length (at 8-12 weeks) or fetal biparietal diameter 
and head circumference (at 12-20 weeks). 
Exclusion criteria were maternal complications (e.g. premature delivery) or medication 
that was likely to affect growth of fetal lungs (corticosteroids), oligohydramnios (amniotic 
fluid index <P5) and the presence of fetal malformation or abnormal growth (estimated 
fetal weight <P5 or >P95 and/or abdominal circumference (AC) <P5 or >P95). 
A second population consisted of 60 fetuses in the following diagnostic categories: preterm 
premature rupture of the membranes (PPROM) (n=24), intrauterine growth restriction 
(IUGR) with oligohydramnios caused by uteroplacental insufficiency (n=9), renal anomalies 
(n=11), skeletal and neuromuscular malformations (n=8), and various disorders such as 
space occupying lesions of the chest and gastroschisis (n=8). Nine infants were excluded 
because no pathological, clinical or radiological examinations were obtained after birth 
(Table 1).
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PPROM was defined as spontaneous or artificial rupture of the membranes before 34 weeks’ 
gestation. As a result of PPROM all pregnancies were complicated by oligohydramnios, 
defined as an amniotic fluid index (AFI) beneath the 2.5 percentile 13. A total of 86 Doppler 
examinations from 51 infants suspected for pulmonary hypoplasia were recorded. Thirty-
four patients were scanned once, 4 patients twice, 9 patients three times, 3 patients four 
times and 1 patient was scanned five times. If more than one scan was obtained, the mean 
interval between scans was 29 days (range, 20-41 days). 
All women gave their informed consent before the first examination and the Hospital Ethics 
Committee approved the study protocol.

Measurements
All examinations were performed by the same examiner (FG) using a 3-5 MHz transabdo-
minal annular array probe (Technos MX, Esaote or HDI 5000, ATL). The main pulmonary  
artery and its bifurcation into the right and left pulmonary arteries were visualized  
in a short-axis view of the fetal heart. The color Doppler was switched  
on and a sample volume of pulse Doppler was set within the ductus arteriosus, just after  
the bifurcation. The sample volume was adjusted to 2 mm, and insonation angle was  
kept at < 30 degrees. The ultrasound machine displayed the PI and the RI. Both arterial  
and venous flow velocity waveforms are modulated by fetal breathing movements 12.  
To compare data of normal fetuses with fetuses with pulmonary hypoplasia, which  
might show no breathing movements 14, we wanted the same conditions for both groups. 
Therefore we obtained all flow velocity waveforms during apnoea.

Table 1 Disorders and complications suspected for pulmonary hypoplasia.

 N

renal hypoplasia or agenesis 8 

multi- or polycystic kidney disease 3

thanatophoric dwarfism 3

osteogenesis imperfecta 1

Ellis-van Creveld syndrome 2

Pena Shokeir syndrome 2

congenital cystic adenomatoid malformation 1

lung tumour 1

hydrops fetalis 3

gastroschisis 1

IUGR and oligohydramnios, caused by uteroplacental insufficiency 8

PPROM 18

                                                                                              Total 51
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Postnatal diagnosis of normal lung function or pulmonary hypoplasia
Of the uncomplicated pregnancies, children’s birth weights were within normal ranges 
(>10th and <90th percentile for gestational age), Apgar scores at 1 and 5 minutes were all 
higher than 7 after birth and none of the infants developed respiratory distress in the neonatal 
period.
In the second study group, pulmonary hypoplasia was defined as a lung/body  
weight ratio beneath 0.015 before 28 weeks’ gestation and beneath 0.012 after  
28 weeks’ gestation 14. If autopsy was not available the clinical and radiological  
presentation was taken into account. The children who died soon after birth of respiratory  
failure despite artificial ventilation were suspected for pulmonary hypoplasia.  
Radiological presentation of pulmonary hypoplasia consisted of small lung fields with 
diaphragmatic domes elevated up to the seventh rib and/or a bell-shaped chest 16. 

Statistical methods
Data of the uncomplicated pregnancies were analysed with multilevel modelling (or random 
coefficient analysis) 17,18. With this method, the individual regression curves were estimated 
and combined to obtain the population reference intervals for the PI and RI. Multilevel 
analysis takes into account that successive measurements of each subject belong to each 
other, and by using this technique, it is not necessary to have equal time intervals between 
the successive measurement and the same number of measurements for each subject. All 
multilevel analyses were performed with MlwiN, version 2.0.  
The PI and RI were measured in the complicated pregnancies and compared with normal 
reference curves based on gestational age. A measurement of the PI or RI above the 97.5th 
percentile was considered abnormal. 

Results

Pregnancy outcome
Of the 18 children in the PPROM group 10 children survived. Two children were diagnosed 
with a mild form of the respiratory distress syndrome (RDS) at birth at respectively 27 and 32 
weeks’ gestation, and one of these children also developed a sepsis. The remaining 8 children, 
born between 28 and 39 weeks’ gestation, had no respiratory problems after birth. Four fetuses 
were stillborn and in 2, chorioamnionitis was diagnosed. In the other 2 stillborn fetuses no in-
fection or other causes for the intrauterine death were found at histopathologic examination.  
In three stillborn fetuses pulmonary hypoplasia was confirmed by pathologic  
examination. Four children died after birth, and pulmonary hypoplasia was  
suspected in 3 children by both the clinical presentation and radiological examination. 
PPROM occurred at 16, 21 4/7 and 23 weeks’ gestation, respectively, and they were born 
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at 29, 29 4/7 and 28 5/7 weeks’ gestation, respectively. One child died after birth at 23 6/7 
weeks’ gestation because of immaturity with a normal thorax circumference. 
Of the 33 pregnancies complicated by congenital disorders or complications, 14 pregnancies  
were terminated at mean 24 weeks’ gestation (range, 19 6/7 – 29 5/7 weeks). None of the 
children survived. In all cases pathologic examination was conducted and revealed pulmonary 
hypoplasia in 9 cases. Nineteen pregnancies were ongoing and mean GA at birth was 35 3/7 
weeks (range, 28 4/7 - 40 5/7 weeks). Nine infants died soon after birth and pulmonary hypo-
plasia was diagnosed in 3 infants by pathologic examination and in 4 infants by the clinical  
and radiological presentation. One infant died because of sepsis, and 2 infants because  
of lung bleedings or circulatory insufficiency. 
So of the 51 infants, 22 (43 %) were diagnosed with pulmonary hypoplasia on post mortem 
examination or the clinical and radiological presentation.

Doppler velocity parameters
In the uncomplicated pregnancy group, technically acceptable flow velocity waveforms  
were obtained in 98%. Reference curves were based on 301 measurements. The  
best fit for the PI and RI using gestational age (GA) in weeks were: PI = 2.802787 - 
(0.04151541*GA) + (0.0007437*GA2) and RI = 0.8527945 + (0.00131911*GA). The 
mean PI was 2.24 (SD 0.24) and the mean resistance index was 0.887 (SD 0.03). Figure 1 
demonstrates the PI and Figure 2 the RI, plotted on reference ranges for GA.

In the disorder and complication group technically acceptable flow velocity waveforms  
were obtained in 96%. Using the measurements of the last visit before birth, PI was  
above the 97.5th percentile for each GA of 8 infants with pulmonary hypoplasia  
(36%), and in 2 infants without pulmonary hypoplasia (7%) (Figure 1). A sensitivity of 
36%, a specificity of 93%, PPV of 80% and NPV of 66% were found. The RI was only 
above the 97.5th percentile of 7 infants with pulmonary hypoplasia (32%). A sensitivity of 
32%, a specificity of 100%, PPV of 100% and NPV of 66% were calculated (Figure 2).
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Figure 1   Data from the renal anomalies (green), the skeletal and neuromuscular malformations 
(blue), the various disorders (red), the PPROM group (yellow) and the IUGR group (purple) com-
pared with reference ranges (2.5th percentile , mean and 97.5th percentile) for PI for each gestational 
age. The asterisks represent the fetuses with pulmonary hypoplasia and the dots  the fetuses with 
normal lung development.

Figure 2   Data from the renal anomalies (green), the skeletal and neuromuscular malformations 
(blue), the various disorders (red), the PPROM group (yellow) and the IUGR group (purple) com-
pared with reference ranges (2.5th percentile, mean and 97.5th percentile) for RI for each gestational 
age. The asterisks represent the fetuses with pulmonary hypoplasia and the dots the fetuses with 
normal lung development.
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Discussion

In prenatal life, right ventricular output will mainly be shunted through the pulmonary artery 
and ductus arteriosus to the descending aorta. The flow in the ductus arteriosus is determined 
by the degree of pressure difference between the pulmonary trunk and aorta and vessel size of 
the ductus. Other stated that the human fetal pulmonary circulation has an important role in 
distribution of the fetal cardiac output 19. If lung development is arrested and causes pulmo-
nary hypoplasia, the development of the vascular bed is impaired, which is associated with 
an increased pulmonary vascular resistance and reduced pulmonary arterial compliance 5-11.  
So we emphasized that both the ductal PI and RI will be increased in case of pul-
monary hypoplasia because of the increased systolic flow. The ductal end  
diastolic flow however bears no direct relationship with shunting blood from the pulmonary 
artery through the ductus arteriosus. To our knowledge this is the first study to measure the 
PI and RI in the ductus arteriosus longitudinally in a large group of normal pregnancies and 
a large group of disorders associated with pulmonary hypoplasia.
Mean pulsatility index was 2.24 and mean resistance index was 0.887. The pulsatility index 
was slightly lower and the resistance index was in accordance with a cross-sectional study 
of 222 fetuses by Mielke et al. in which a mean pulsatility index of 2.47 and a mean resistance 
index of 0.885 was calculated 20.  We noticed no change in the PI and RI with advancing 
gestation, which is in accordance with the findings for the fetal aorta PI 21.
In the disorder group we found however both modulations (PI and RI) not of any use in 
predicting pulmonary hypoplasia, with only a sensitivity of 36% and a PPV of 80% for the 
PI and a sensitivity of 32% and a PPV of 100% for the RI. Others stated that the proportion 
of the fetal combined cardiac output made up by the pulmonary blood flow is 10-20% 19. 
Probably this small amount of blood flow will not be enough to find any changes in the 
ductal flow, and a second factor may be that the ductus arteriosus is wide open during 
pregnancy.
Ferazzi et al. reported significant lower peak ductus arteriosus flow velocity measurements 
of growth restricted fetuses compared with appropriate for gestational age fetuses due to 
the brain sparing effect 22. Mari et al. however found no decreased PI in growth restricted 
fetuses 21. Although we only examined 8 growth restricted fetuses we also found normal PI 
and RI measurements in all 8 fetuses. Suggesting there is no effect on the cardiac output of 
the right ventricle in case of brain sparing.
Our data demonstrate that PI and RI of the ductus arteriosus are not useful in predicting the 
occurrence of pulmonary hypoplasia secondary to congenital disorders or complications 
during pregnancy. 
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General discussion 

Several years now investigators have been trying to diagnose pulmonary hypoplasia  
prenatally. An accurate and reliable method to measure fetal lung volumes would 
be helpful in predicting the outcome in cases with suspected impaired lung growth.  
After birth the functional residual capacity lung volume can be measured using 
different methods, including the nitrogen washout method, helium dilution  
and plethysmography. But none of these techniques can be used prenatally.  
Conventional 2-dimensional ultrasonography, which is routinely used in obstetrics,  
has proved to be of not decisive in clinical diagnosis and management of pulmonary  
hypoplasia. Since the introduction of 3-dimensional ultrasonography and the possibility  
of volume measurements, it has been anticipated that 3D lung volume measurements  
may be useful in detecting pulmonary hypoplasia prenatally. This thesis aimed  
to determine if 3D lung volume measurements could predict the occurrence  
of pulmonary hypoplasia. Therefore we measured 3D lung volumes longitudinal in normal 
pregnancies, compared 3D lung volumes with 2D biometric measurements in pregnancies 
complicated by disorders or complications suspected for pulmonary hypoplasia, compared 
different 3D techniques and modes and compared 3D lung volumes with lung volumes  
obtained by MRI. To complete the thesis we examined the PI and RI of the ductus arteriosus 
as a diagnostic test for pulmonary hypoplasia.

Reference curves of fetal lungs
In order to predict pulmonary hypoplasia prenatally reference ranges of the fetal lungs 
needed to be created (Chapter 2). Because valid references about growth cannot be 
constructed using single measurements of volume, we constructed charts and tables of  
fetal lung volumes from 18 to 34 weeks’ gestation using longitudinal measurements.  
It has been suggested that after 30 weeks’ gestation it is more difficult to measure  
lung volumes because of poor image quality due to an unfavourable position of  
the fetus, increased ossification of the spine and ribs and motion artefacts  
due to fetal breathing movements. In one study (Osada et al., 2002) 25% of the volumes  
were excluded before 20 weeks and after 34 weeks of gestation, while between 20 and 34 
weeks only 2.9% had to be excluded. Our results described in this chapter agree with this 
suggestion, although we only experienced difficulties after 30 weeks’ gestation and had to 
exclude 10.8% of the volumes. 
The growth of the lung and factors which may lead to alterations in lung growth have been 
investigated prenatally and postnatally. It is also necessary to study the variables related to 
normal lung growth, so that pathological variation in growth can be explored. In children 
the complex relationship between gender, age and growth in predicting lung volume and 
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function has been well described. It has also recently been suggested that the use of gender- 
specific nomograms may improve the prenatal assessment of fetal growth. Although a  
significant difference in the left and right lung volumes between male and female fetuses 
was noted in our study, it needs to be investigated if these small differences are clinically 
relevant.

Comparing 3D lung volume measurements with 2D biometric parameters in predicting 
pulmonary hypoplasia. 
PPROM is a common obstetrical problem and its main complication is pulmonary hypo-
plasia. Predicting the risk of pulmonary hypoplasia in pregnancies complicated by PPROM 
may have a substantial impact on prenatal and perinatal care. When examining pregnancies 
complicated by PPROM longitudinally the best diagnostic accuracy was achieved using 
the gestational age dependent 3D lung volumes (Chapter 5). The differences in diagnostic 
accuracy between 3D lung volume measurements and 2D biometric parameters (TC vs GA 
or FL, TC/AC ratio and TA/HA ratio) are probably because the former measurements are a 
direct measurement of the entire lung size instead of a distance measurement of only a part  
of the lung. Also, it has already been stated that 3D ultrasonography is more accurate  
than 2D ultrasonography in measuring irregularly shaped objects. Pregnancies complicated 
by different disorders or complications with regard to pulmonary hypoplasia are described  
in Chapter 6. Again 3D lung volume measurements had a better diagnostic accuracy for  
predicting pulmonary hypoplasia than 2D biometric measurements. For the skeletal and  
neuromuscular malformations group, 3D lung volumes versus EFW were less accurate,  
probably because EFW is less reliable due to the fact that different organ systems are not  
compromised equally and measurements are less reliable due to deformed skeletal tissue. 
However in the IUGR group, 3D lung volumes versus EFW had a better diagnostic accuracy  
than GA dependent 3D lung volumes. This supports the theory that in case of IUGR lung 
growth also proceeds at a lower speed. A small group of patients with pregnancies complicated  
by congenital diaphragmatic hernia were examined longitudinally in Chapter 7.  2D lung 
area and 3D lung volume measurements of the contralateral lung were compared in assessing  
prognosis. When comparing the observed/expected lung volume ratios a difference was  
noticed between the first and last measurements and the non-surviving and surviving infants. The  
observed/ expected ratios decreased in the non-surviving infants, but in the surviving infants  
the ratios remained unchanged or increased. The same difference was noticed when  
comparing the observed/expected lung area. Implying the importance of measuring longi-
tudinal, if possible. It remains to be seen whether relative lung volume will be a stronger 
prognostic indicator than lung area in case of congenital diaphragmatic hernia, but in theory  
3D lung volume measurements have potential advantages over 2D lung area measurements.
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Comparing different 3D techniques and modes 
The two available techniques for 3D ultrasonography are: the free-hand with  
positioning technique and the integrated mechanical sweep technique. And the two available  
volume measurement methods are: the multiplanar mode and the rotational (VOCAL) mode. 
Comparing the two techniques and the two measuring modes, close agreement of both 
techniques and of both modes was found (Chapter 4). Others also found high agreement  
between the two measuring modes but also found a higher interobserver variability and 
lower level of agreement using the rotational mode compared to the multiplanar mode.  
Because of the close agreement of both techniques, we conclude that the integrated  
mechanical sweep technique is the method of choice, because it is easier to use in daily  
practice. When measuring lung volumes, the multiplanar mode should be considered  
because of the higher interobserver correlation compared to the rotational mode.  

Comparing 3D lung volumes with lung volumes obtained by MRI
MRI is a technique that already has shown to be reliable and reproducible in measuring fetal 
lung volumes in normal pregnancies and pregnancies suspected for pulmonary hypoplasia.   
When comparing lung volume measurements by MRI and 3D ultrasonography in normal 
pregnancies a close agreement was achieved (Chapter 3). Because limitations of the MRI in  
daily practice are the high costs and limited acceptance of pregnant women, 3D ultrasono-
graphy should be the method of choice to measure fetal lung volumes whenever that seems 
necessary. However, if visualisation with 3D ultrasonography is inadequate, MRI can be a 
good and interchangeable option for measuring fetal lung volumes. 

PI and RI of the ductus arteriosus as a diagnostic test for pulmonary hypoplasia
The PI and RI of the ductus arteriosus were measured longitudinally in normal 
pregnancies and pregnancies complicated by different disorders or complications  
with regard to pulmonary hypoplasia (Chapter 8). In case of pulmonary hypoplasia  
the development of the vascular bed is impaired, which is associated with an  
increased pulmonary vascular resistance and reduced pulmonary arterial compliance. 
We emphasized that both the ductal PI and RI will be increased in case of pulmonary  
hypoplasia, because of the increased systolic flow. But both parameters were not useful in 
predicting the occurrence of pulmonary hypoplasia. Probably the small proportion of the 
fetal combined cardiac output made up by the pulmonary blood flow (10-20%) will not be 
enough to find any changes in the ductal flow, and a second factor may be that the ductus 
arteriosus is wide open during pregnancy.
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Conclusion

From the studies described in this thesis, it can be concluded that 3D fetal lung volume  
measurements using the multiplanar method, are feasible and reliable in the second  
and third trimester of pregnancy in uncomplicated and complicated pregnancies.  
If it is not possible to measure the lung volumes using 3D ultrasonography,  
due to impaired visualization, it is also possible to measure the lung volumes  
using MRI. Both techniques can be used interchangeably. In pregnancies complicated  
by PPROM or in pregnancies complicated by various disorders or complications  
with regard to pulmonary hypoplasia, 3D lung volume measurements versus  
gestational age had the best diagnostic accuracy for predicting pulmonary  
hypoplasia compared to 2D biometric measurements. In case of congenital  
diaphragmatic hernia it seems important to measure longitudinal to distinguish 
the surviving from the non-surviving children. But because of the small sample  
size in the studies of pregnancies suspected for pulmonary hypoplasia it is necessary  
to confirm the importance of 3D lung volume measurements in larger longitudinal studies,  
before it can be used in clinical practice. Especially the pregnancies complicated  
by PPROM and diaphragmatic hernia are interesting for future research on 
3D lung volume measurements, because of the clinical impact. When looking  
at the lung volumes during gestation we noted that sometimes lung volumes started  
within the normal ranges but over time lung volumes ended below the 5th  
percentile. We were not able to identify any relationship with the time of decreasing of 
the lung volumes and for example the amount of amniotic fluid or time of rupture of the 
membranes. Therefore questions rise on the pathogenesis of pulmonary hypoplasia. We 
examined one case of artificial PPROM at 14 weeks due to an amniocentesis with anhy-
dramnios during pregnancy. 3D lung volumes were within the normal ranges at any time of 
gestation and after birth the infant had normal lung function. Although just one case report 
it may be that there is a difference in the pathogenesis of pulmonary hypoplasia between 
spontaneous rupture and artificial rupture of the membranes. 
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Summary

Fetal and neonatal pulmonary hypoplasia is defined as a reduction in the number of lung cells, 
airways and alveoli resulting in a lower organ size and weight. Pulmonary hypoplasia may 
be a primary or secondary phenomenon.  Most cases are secondary to congenital disorders  
or complications during pregnancy causing thoracic compression, inhibition of fetal  
breathing movements or a net loss of lung fluid. Examples of disorders and complications 
associated with pulmonary hypoplasia are preterm premature rupture of the membranes, 
renal and urinary tract anomalies, skeletal and neuromuscular malformations, intrathoracic 
masses like congenital diaphragmatic hernia and other conditions causing compression of 
the fetal lungs. 
Several conventional 2-dimensional (2D) ultrasonographic techniques have been used  
to predict pulmonary hypoplasia. The best results were achieved using the thoracic  
circumference (TC) versus gestational age (GA) or femur length (FL), the   
thoracic/abdominal circumference (TC/AC) ratio and the thoracic/heart area (TA/HA)  
ratio. But these measurements have not been reliable enough to be used in clinical  
diagnosis and management of pulmonary hypoplasia. Measuring lung volumes  
with MRI already has shown benefits over 2-dimensional ultrasonography. However  
it has limited clinical application because of the relative high costs involved.  
Recent studies have indicated the value of 3-dimensional (3D) ultrasonography,  
a technology that has the same advantages as conventional ultrasonography;  
inexpensiveness, ease and speed of use and high acceptance by patients. It enables  
us to visualize an entire volume in a single image and to visualize perpendicular  
planes simultaneously (multiplanar imaging). With the volume rendering mode it is possible  
to measure volumes of different organ systems.
The aim of this thesis is to determine if lung volume measurements with 3D  
ultrasonography are feasible and reliable and whether 3D lung volume measurements can 
predict the occurrence of pulmonary hypoplasia secondary to congenital disorders or com-
plications during pregnancy.

Chapter 1 contains an introduction about the etiology and pathogenesis of pulmonary  
hypoplasia and the prenatal and postnatal diagnostic methods examined. And the aims of 
the thesis are described.
Charts and tables of fetal lung volumes from 18 to 34 weeks’ gestation measured  
longitudinally using multiplanar 3D ultrasonography are presented in Chapter 2. 
Seventy-eight women with uncomplicated pregnancies were scanned 3 to 4 times 
for the purpose of this study. Overall we were able to acquire good image quality  
in 594 of 616 right and left lungs (96,4%) and the reliability was also good, 
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with intraobserver variability of less than 3% and 5% for the right and left lung  
volume, respectively. In this Chapter we also present valid references for volumetric  
measurements of the right and left lung in male and female fetuses. It is well known 
that the female fetuses, on average, weigh 2-3 % less than male fetuses at any ge-
stational ages. It has been suggested that the use of gender-specific nomograms 
may improve prenatal assessment of fetal growth. For gestational age the mean 
lung volume of male fetuses was significantly (4,3 %) larger than that of female  
fetuses. The difference was not significant when the lung volumes were plotted  
against the estimated fetal weight. It needs to be investigated if these small  
differences between male and female fetuses are clinically relevant.
In Chapter 3 lung volume measurements of 10 uncomplicated pregnancies measured by 
MRI and multiplanar 3D ultrasonography were compared. Each patient with gestational 
age between 24 to 34 weeks was examined only once for the purpose of the study. When 
comparing the lung volumes measured with MRI and 3D ultrasonography the intraclass 
correlation coefficient was for the right lung 0.92 (95% CI 0.71-0.98) and for the left lung 
0.95 (95% CI 0.82-0.99). The proportionate limits of agreement between the methods were 
for the right lung –32.57 to 20.03% and for the left lung –21.26 to 17.13%. The inter- 
and intraobserver agreement of both the MRI and 3D ultrasonography measurements were 
high. Therefore in clinical practice 3D ultrasonography is the method of choice to measure 
fetal lung volumes, but if 3D ultrasonography causes unreliable visualization, fetal MRI 
can be a good and interchangeable option. 
A comparison of lung volume measurements in 10 uncomplicated pregnancies using 
the free-hand with positioning method and the integrated mechanical sweep method is 
described in Chapter 4. Also the agreement between the multiplanar mode of measu-
ring lung volumes and the rotational (VOCAL) mode is assessed. Again each patient 
with gestational age between 24 to 34 weeks was examined only once for the purpose 
of the study. The ICC between the free-hand with positioning method and the integrated  
mechanical sweep method measurements was for the right lung 0.95 (95% CI 0.79-0.99) and 
for the left lung 0.94 (95% CI 0.79-0.98). The proportionate limits of agreement between 
the methods were for the right lung -19.44 % to 34.87 % and for the left lung -28.26% to 
22.82 %. The ICC between the multiplanar mode and the rotational mode measurements 
was for the right lung 0.96 (95% CI 0.85-0.99) and 0.90 (95% CI 0.65-0.97) for the left 
lung. The proportionate limits of agreement between the modes were for the right lung 
-31.49 % to 32.43 % and for the left lung -38.02% to 32.73 %. Although this study only 
examined the lung volumes of 10 uncomplicated pregnancies we concluded that because of 
the close agreement of both techniques, the integrated mechanical sweep technique should 
the method of choice, because it is easier to use in daily practice. When measuring lung 
volumes, the multiplanar mode should be considered because of the higher interobserver 
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correlation compared to the rotational mode.  
A comparison between 3D lung volume measurements and 2D biometric parameters  
(thoracic circumference versus gestational age or femur length, the thoracic/  
abdominal circumference ratio and the thoracic/ heart area ratio) in predicting pulmonary 
hypoplasia in pregnancies complicated by PPROM is described in Chapter 5. Eighteen 
pregnancies complicated by PPROM at mean 21 weeks’ gestation (range 14-32 weeks) 
were prospectively examined and in total, 32 lung scans were recorded. The incidence of 
pulmonary hypoplasia was 33.3%. The best diagnostic accuracy for predicting pulmonary  
hypoplasia was achieved using the 3D lung volume measurements versus gestational age 
(sensitivity of 83%, specificity of 100%, PPV of 100% and NPV of 92%).  The best diag-
nostic parameter of the 2D biometric measurements was achieved using the TA/HA ratio, 
with a sensitivity of 100%, specificity of 58%, PPV of 54% and NPV of 100%. So in 
conclusion, 3D lung volume measurements seem to be promising in predicting pulmonary 
hypoplasia prenatally in pregnancies complicated by PPROM.
In Chapter 6 a comparison between 3D lung volume measurements and 2D biometric  
parameters (thoracic circumference versus gestational age or femur length, the thoracic/ 
abdominal circumference ratio and the thoracic/ heart area ratio) in predicting pulmonary 
hypoplasia secondary to congenital disorders or complications during pregnancy is described.
In a prospective study 33 pregnancies complicated by various disorders or complications  
with regard to pulmonary hypoplasia (intrauterine growth restriction (IUGR) (n=8), renal  
anomalies (n=11), skeletal and neuromuscular malformations (n=8) and various  
disorders such as hydrops fetalis and gastroschisis (n=6)) were examined and in  
total, 54 lung scans were recorded. Pulmonary hypoplasia was diagnosed in 16 (48.5 %)  
infants. 3D lung volume measurements had a better diagnostic accuracy for  
predicting pulmonary hypoplasia (sensitivity 94%, specificity 82%, PPV 83%, NPV 93%) 
compared with the best 2D biometric measurement TA/HA (sensitivity 94%, specificity 
47%, PPV 63%, NPV 89%).
The role of 2D lung area and 3D lung volume measurements of the contralateral lung in  
assessing prognosis in 6 infants with congenital diaphragmatic hernia is described in  
Chapter 7. A total of 19 fetal lung measurements of 5 left-sided and 1 right-sided  
congenital diaphragmatic hernias were examined. Three infants survived, 
and 3 infants died by the 20th day of life. Lung volume measurements versus  
gestational age were beneath the 5th percentile for the non-surviving infants 
and within the normal ranges for the surviving infants. When comparing the  
observed/expected lung volume and lung area ratios of the first measurements 
with the ratios at the last visit before birth, the ratios of the dying infants decreased  
whereas the ratios of the surviving infants remained unchanged or increased. The 
clinical value of longitudinal measured lung volume measurements, using 3D  
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ultrasonography and lung area measurements in fetuses with congenital diaphragmatic hernia 
need to be further evaluated. 
Pulmonary hypoplasia is also characterised by changes in pulmonary velocity  
waveforms due to a decreased size of the pulmonary vascular bed, a reduced vessel  
count per unit of lung tissue and an increased muscularization in peripheral vessels.  
In Chapter 8 the question if the pulsatility index (PI) and the resistance index 
(RI) of the ductus arteriosus can predict the occurrence of pulmonary hypoplasia  
secondary to congenital disorders or complications during pregnancy is answered. In a  
longitudinal study 78 uncomplicated pregnancies and 51 pregnancies complicated by various  
disorders or complications with regard to pulmonary hypoplasia were studied by Doppler 
sonography between 18 and 35 weeks of gestation. A PI and a RI above the 97.5 percentile 
was considered abnormal. Using multilevel modelling reference curves of the PI and RI 
were created, based on 301 measurements. Of the 51 complicated pregnancies, 22 infants 
(43 %) were diagnosed with pulmonary hypoplasia. Using the PI a sensitivity of 36%, a 
specificity of 93%, PPV of 80% and NPV of 66% were found and for the RI a sensitivity 
of 32%, a specificity of 100%, PPV of 100% and NPV of 66%. Our data demonstrated that 
PI and RI of the ductus arteriosus is not useful in predicting the occurrence of pulmonary 
hypoplasia secondary to congenital disorders or complications during pregnancy.
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Nederlandse samenvatting

Bij foetale en neonatale long hypoplasia is het aantal long cellen, luchtwegen en  
alveoli verminderd hetgeen resulteert in een verminderd long volume en gewicht. 
Long hypoplasie is een primair of secundair fenomeen.  Meestal is het een gevolg  
van congenitale afwijkingen of complicaties gedurende de zwangerschap, die zorgen voor 
compressie van de thorax, verminderde foetale ademhalingsbewegingen of een te groot 
verlies van longvocht. Voorbeelden van afwijkingen of complicaties geassocieerd met long 
hypoplasie zijn vroegtijdig gebroken vliezen, nier- en urineweg afwijkingen, skelet- en 
neuromusculaire aandoeningen, intrathoracale ruimte innemende processen zoals congeni-
tale hernia diaphragmatica en andere afwijkingen die de foetale longen comprimeren.
Meerdere conventionele 2-dimensionale (2D) echoscopische technieken zijn onderzocht om 
long hypoplasie aan te tonen. De beste resultaten werden geboekt met de thoracale omtrek (TC) 
versus de zwangerschapsduur (GA) of femur lengte (FL), de thoracale/abdominale omtrek (TC/
AC) ratio, en de thoracale/hart oppervlakte (TA/HA) ratio. Maar geen van deze technieken was 
goed genoeg voor het stellen van de diagnose long hypoplasie. Met MRI daarentegen kunnen  
long volumes prenataal goed worden gemeten. Maar in de praktijk zal het minder worden 
gebruikt door de hoge kosten. Recente studies hebben de waarde van 3-dimensionale (3D) 
echoscopie bij het meten van orgaan volumina aangetoond, een technologie die dezelfde 
voordelen heeft als conventionele echoscopie;  goedkoop, makkelijk te gebruiken en goede  
acceptatie door patiënten. Met 3D echoscopie kunnen we gelijktijdig zowel het totale  
volume als de orthogonale doorsneden (multiplanar imaging) afbeelden. Met de zogenoemde 
volume rendering methode kunnen we de volumes van verschillende organen meten. 
Het doel van dit proefschrift is om te bepalen of 3D echoscopie geschikt is voor het meten 
van long volumes en of deze ook reproduceerbaar zijn. Daarnaast willen we bepalen of we 
met long volume metingen, door middel van 3D echoscopie, long hypoplasie ten gevolge 
van congenitale afwijkingen en complicaties tijdens de zwangerschap kunnen aantonen.

Hoofdstuk 1 bevat een korte introductie over de etiologie en pathogenese van long  
hypoplasie en de postnatale en prenatale diagnostische technieken die onderzocht zijn. 
Daarnaast zijn de doelstellingen van dit proefschrift beschreven. 
Grafieken en tabellen van foetale long volumes tussen de 18 tot 34 weken zwan-
gerschapsduur longitudinaal gemeten met behulp van multiplanar 3D echoscopie  
worden weergegeven in Hoofdstuk 2. Zevenentachtig vrouwen met ongecompliceerde  
zwangerschappen hebben drie tot vier 3D echoscopische onderzoeken gehad voor dit  
onderzoek. Goede beeld kwaliteit is verkregen in 594 van de 616 gemeten rechter en linker 
longen (96,4%) en de betrouwbaarheid was goed met een intraobserver variabiliteit van 
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minder dan 3% en 5% voor respectievelijk de rechter en linker longvolumes. In dit hoofd-
stuk geven we ook valide referenties van volume metingen van de rechter en linker long in  
mannelijke en vrouwelijke foetussen. Het is bekend dat het gewicht van vrouwelijke  
foetussen gemiddeld 2-3% minder is dan mannelijke foetussen voor elke zwangerschaps-
duur. Er wordt gesuggereerd dat het gebruik van geslachtsafhankelijke nomogrammen 
het voorspellen van foetale groei prenataal zou verbeteren. Het gemiddelde long volume 
van mannelijke foetussen is voor de zwangerschapsduur significant (4,3%) groter dan van  
vrouwelijke foetussen. Het verschil is niet significant als de long volumes worden afgezet  
tegen het geschatte foetale gewicht. Of deze kleine verschillen tussen mannelijke en  
vrouwelijke foetussen klinisch relevant zijn moet nog worden onderzocht.
In Hoofdstuk 3 worden de long volumina van 10 ongecompliceerde zwangerschappen  
gemeten met behulp van zowel MRI als multiplanar 3D echoscopie. Elke patiënt met een 
zwangerschapsduur tussen de 24 en 34 weken is eenmaal onderzocht voor dit onderzoek. 
Als we de long volumes gemeten met behulp van MRI en 3D echoscopie vergelijken 
dan is de intraclass correlatie coëfficiënt voor de rechter long 0.92 (95% BI 0.71-0.98) 
en 0.95 (95% BI 0.82-0.99) voor de linker long. The proportionate limits of agreement  
tussen de twee methodes zijn voor de rechter long –32.57 tot 20.03% en voor de linker  
long –21.26 tot 17.13%. Voor zowel de MRI als 3D echoscopie zijn de inter- and  
intraobserver agreement van de metingen hoog. Daarom zal in de praktijk 3D echoscopie  
de eerste keus zijn om long volumes te meten, maar als dat door beperkte beeldvor-
ming niet mogelijk is dan is MRI een goed alternatief. Long volume metingen van 10  
ongecompliceerde zwangerschappen door de free-hand with positioning techniek en de  
integrated mechanical sweep techniek zijn vergeleken in Hoofdstuk 4. Ook de overeenkomst 
tussen de 2 meetmethodes, de multiplanar methode en de rotational (VOCAL) methode, 
is bepaald. Opnieuw werd elke patiënt met een zwangerschapsduur tussen de 24 en 34 we-
ken eenmaal onderzocht voor dit onderzoek. De intraclass correlatie coëfficiënt tussen de 
free-hand with positioning techniek en de integrated mechanical sweep techniek is voor de 
rechter long 0.95 (95% BI 0.79-0.99) en voor de linker long 0.94 (95% BI 0.79-0.98). De  
proportionate limits of agreement tussen de technieken is voor de rechter long -19.44 %  
tot 34.87 % en voor de linker long -28.26% tot 22.82 %. De intraclass correlatie  
coëfficiënt tussen de multiplanar methode en de rotational methode is voor de rechter  
long 0.96 (95% BI 0.85-0.99) en 0.90 (95% BI 0.65-0.97) voor de linker long. 
De proportionate limits of agreement tussen de methodes zijn voor de rechter  
long -31.49 % tot 32.43 % en voor de linker long -38.02% tot 32.73 %. Hoewel  
maar 10 ongecompliceerde zwangerschappen werden onderzocht in deze studie kunnen  
we concluderen dat doordat beide technieken dezelfde resultaten geven, de  
integrated mechanical sweep techniek de eerste keuze moet zijn, omdat het  
makkelijker te gebruiken is in de dagelijkse praktijk. Om long volumes te meten moet de 
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multiplanar methode worden overwogen vanwege de hogere interobserver correlatie ten 
opzichte van de rotational methode.
Een vergelijking tussen 3D long volume metingen en 2D biometrie (thoracale  
omtrek versus zwangerschapsduur of femur lengte, de thoracale / abdominale omtrek  
ratio en de thoracale / hart oppervlakte ratio) en de voorspellende waarde tav long  
hypoplasie in zwangerschappen gecompliceerd door PPROM is beschreven in  
Hoofdstuk 5. Achttien zwangerschappen gecompliceerd door PPROM bij gemiddeld  
21 weken zwangerschapsduur (reikwijdte 14-32 weken) werden prospectief onderzocht  
en in totaal werden 32 long scans gemaakt. De incidentie van long hypoplasie  
was 33.3%. De beste diagnostische test voor het voorspellen van long hypoplasie  
was 3D long volume versus zwangerschapsduur (sensitiviteit van 83%, specificiteit  
van 100%, positief voorspellende waarde van 100% en negatief voorspellende  
waarde van 92%). Van de 2D biometrie was de thoracale/hart oppervlakte ratio de beste 
diagnostische parameter, met een sensitiviteit van 100%, specificiteit van 58%, positief 
voorspellende waarde van 54% en negatief voorspellende waarde van 100%. Concluderend 
lijkt het erop dat 3D long volume metingen veel belovend zijn in het voorspellen van long 
hypoplasie prenataal in zwangerschappen gecompliceerd door PPROM.
In Hoofdstuk 6 worden 3D long volume metingen vergeleken met 2D metingen (thorax 
omtrek versus zwangerschapsduur of femur lengte, de thoracale / abdominale omtrek ratio 
en de thoracale / hart oppervlakte ratio) ten aanzien van de voorspellende waarde van long 
hypoplasie secundair ten gevolge van congenitale afwijkingen of complicaties gedurende  
de zwangerschap. In een prospectieve studie zijn 33 zwangerschappen gecompliceerd 
door verscheidene afwijkingen en complicaties met betrekking tot long hypoplasie ( intra- 
uteriene groeivertraging (IUGR) (n=8), nierafwijkingen (n=11), skelet en neuromusculaire  
malformaties (n=8) en verschillende afwijkingen zoals hydrops foetalis en gastroschisis  
(n=6)) onderzocht en werden in totaal 54 long scans gemaakt. Long hypoplasie werd  
aangetoond in 16 (48.5%) kinderen. 3D long volume metingen hadden een betere  
voorspellende waarde ten aanzien van long hypoplasie ( sensitiviteit 94%, specificiteit  
82%, positief voorspellende waarde 83% en negatief voorspellende waarde 93%)  
vergeleken met de beste 2D meting: de thoracale/hart oppervlakte ratio (sensitiviteit 94%, 
specificiteit 47%, positief voorspellende waarde 63% en negatief voorspellende waarde 
89%). 
De prognostische waarde van 2D long oppervlakte metingen en 3D long volume  
metingen van de contralaterale long bij 6 kinderen met congenitale hernia diaphragmatica 
wordt beschreven in Hoofdstuk 7. Er werden in totaal 19 foetale long volume metingen van 
5 linkszijdige en 1 rechtszijdige hernia diaphragmatica onderzocht. Drie kinderen bleven 
in leven en 3 kinderen overleden tussen de 16e en 20e levensdag. Long volume metingen 
versus zwangerschapsduur waren onder de 5e percentieel bij de overleden kinderen en binnen 

Nederlandse samenvatting

 161

proefschrift franca.indd   161 2-4-2009   10:10:14



de grenzen van het normale bij de overlevende kinderen. Als we de gemeten/verwachte 
long volume en long oppervlakte ratios van de eerste meting met de ratios van de laatste 
meting voor de geboorte vergelijken, dan zijn de ratios van de overleden kinderen dalende 
terwijl de ratios van de overlevende kinderen onveranderd of stijgende zijn. De klinische 
waarde van longitudinaal gemeten long volume metingen, met behulp van 3D echoscopie,  
en long oppervlakte metingen bij foetussen met congenitale hernia diaphragmatica zal  
verder moeten worden geëvalueerd.
Long hypoplasie wordt ook gekenmerkt door veranderingen in de snelheidsprofielen van 
de bloedstroom door een verminderde omvang van het long vaatbed, het gereduceerd  
aantal vaten per eenheid long weefsel en de verhoogde muscularisatie van de perifere  
vaten. In Hoofdstuk 8 wordt de vraag of de pulsatility index (PI) of de resistance index 
(RI) van de ductus arteriosus long hypoplasie secundair aan congenitale afwijkingen of 
complicaties gedurende de zwangerschap kan voorspellen beantwoord. Zevenentach-
tig ongecompliceerde zwangerschappen en 51 zwangerschappen gecompliceerd door  
verscheidene afwijkingen of complicaties mbt long hypoplasie werden longitudinaal  
bestudeerd mbv Doppler sonografie tussen de 18 en 35 weken zwangerschapsduur. 
Een PI en RI boven de 97.5e percentieel was abnormaal. Met behulp van het multilevel  
model werden gebaseerd op 301 metingen, referentie curves van de PI en RI gemaakt. 
Van de 51 gecompliceerde zwangerschappen werden 22 kinderen (43 %) gediagnostiseerd  
met long hypoplasie. Voor de PI werd een sensitiviteit van 36%, een specificiteit  
van 93%, een positief voorspellende waarde van 80% en een negatief voorspellende  
waarde van 66% gevonden. Voor de RI werd een sensitiviteit van 32%, een specificiteit van 
100%, een positief voorspellende waarde van 100% en een negatief voorspellende waarde 
van 66% gevonden.  Onze data laten zien dat PI en RI van de ductus arteriosus niet bruik-
baar zijn bij het voorspellen van long hypoplasie secundair aan congenitale afwijkingen of 
complicaties gedurende de zwangerschap.
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