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1 � Normal Fetal Lung Development

As most of the fetal organs, the structure and morphol-
ogy of the fetal lung change during development. The 
tissue composition of this organ is variable even at later 
stages of intrauterine life. This is mirrored by the 
changing appearance of fetal lung tissue on different 
MR sequences. Currently, the principles of human fetal 
lung development are understood and the microscopic 
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Abstract

Perinatal survival crucially depends on a suffi-››
ciently sized and functionally well-developed 
cardiopulmonary system. Especially, the stage 
of lung development and the biochemical and 
structural maturity of the fetal lung are the most 
important determinants for survival and after 
birth. Since our understanding of the complex-
ity of the processes influencing lung growth has 
substantially improved, this knowledge can 
now be translated into clinical science. Fetal 
MR has opened a new exciting field in the pre-
natal assessment of lung maturity, since it non-
invasively provides important data on the size, 
structure, and biochemical maturity of the fetal 
lung. In order to confidently diagnose develop-
mental pathologies of the growing respiratory 
system and evaluate their impact on extrauter-
ine life, it is of utmost importance to be fully 
aware of the potential and limitations of new 
MR imaging methods in the characterization of 
normal fetal lung development.
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appearance of the organ well described. However, since 
it is impossible to perform correlations between MR 
and histology in normally developing fetuses, the 
microstructural background for the MR appearance of 
the fetal lung is rather hypothetical. Still, by knowing 
the principles of fetal lung development on a histologi-
cal and anatomical basis, a reasonable interpretation of 
fetal MR images and the confident detection of abnor-
malities are possible. Figure 1 schematically illustrates 
the overlapping histological stages of fetal lung devel-
opment and the major changes seen on different MR 
sequences.

During the first trimester, the developing lung resem-
bles structurally and functionally more an exophytic 
gland than a parenchymatous organ. By 26 embryonic 
days, two lung buds bulge out of the ventrolateral wall 
of the primitive foregut (Burri 1997) and mark the onset 
of growth of the primordial airways. Shortly after this 
event, the first vascular structures appear and surround 
the tubular appearing airways (Hall et al. 2002). By 6 
GW, all lobar bronchi are generated and the trachea is 
coated by a single layer of smooth muscle. The further 
dividing primordial pathways serve as a template for 
the accompanying pulmonary vasculature. Besides the 
early developing pulmonary veins and arteries, the 
bronchial arteries appear later at 8 GW.

Dichotomous airway branching mainly occurs in the 
following pseudoglandular stage of lung development 
between 10 and 14 GW, with all conducting airways 
developed by 16 GW (Reid 1977; Thurlbeck 1988). At 
this stage, the fetal lung appears as tubular structure 
with poorly differentiated cellular lining (Fig. 1).

The processes influencing lung growth during the 
following canalicular stage substantially determine the 
postnatal viability of the developing fetus. Structurally, 
the canalicular stage is characterized by widening of 
the airway lumina, growth of the respiratory airways, 
and most importantly, flattening and massive angio-
genesis at the future gas-exchanging developing alveo-
lar structures, accompanied by rapid growth of the 
distal pulmonary vasculature. These structural changes 
are driven by a variety of factors, of which mechanical 
forces begin to play an increasingly important role. In 
the past decades these factors have been identified in 
several animal studies. Now this knowledge serves as 
important scientific background for clinical prenatal 
MR imaging studies, since the canalicular stage is the 
first stage of lung development, which can be routinely 
assessed by fetal MR (after 18 GW).

The developmental physiology of the fetal lung in 
the second trimester, and especially before 24 GW, is 
dominated by the mechanical effects of permanent 

Fig. 1  Schematic illustration 
of the histologically defined 
stages of lung development 
and the major events in fetal 
lung maturation. The upper 
rows show the changes of 
MR signal characteristics on 
T1- and T2-weighted 
sequences during develop-
ment between 18 GW and 
birth
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secretion of lung fluid by the bronchopulmonary epi-
thelium by means of a chloride-dependent transport 
mechanism (McCray et  al. 1992) (Fig. 1). The large 
amount of lung fluid produced daily (48–100 mL/day), 
contributing to 30% of amniotic fluid volume (Brace 
et al. 1994), requires well-regulated clearance mecha-
nisms (Kotecha 2000). The clearance of lung fluid is 
granted through fetal breathing movements, cyclic 
contractions of the diaphragm (Harding and Hooper 
1996), and phasic contractions of the fetal airways, 
which are present throughout pregnancy (Schittny 
et al. 2000) and generated by pacemaker cells in the 
bronchial smooth muscle (Jesudason et  al. 2005). 
However, lung fluid efflux is limited by a high laryn-
geal pressure during phases of fetal apnea. According 
to the long periods of fetal apnea during the second 
trimester, the retained lung fluid accumulates and 
builds up a transpulmonary pressure gradient. This 
mechanical key stimulus induces proliferation and dif-
ferentiation of alveocytes (Scott et al. 1993) and addi-
tionally leads to apoptosis of mesenchymal fibroblasts. 
Additionally, mechanical stretch on alveocytes (Sanchez-
Esteban et al. 2002), mainly induced by the pressure 
gradient in combination with fetal breathing move-
ments (Inanlou et al. 2005), facilitates later surfactant 
production and release.

Concordantly with the differentiation of the epithelial 
lung structures, the pulmonary vasculature forms. The 
development of the vessel wall of fetal pulmonary arter-
ies, which is twice as thick as in the adult (Hislop and 
Reid 1973), indirectly controls the high vascular resis-
tance of the pulmonary vasculature during fetal develop-
ment. The muscle cells of the pulmonary artery muscle 
layer are derived from three sources – the bronchial 
smooth muscle during the embryonal stage, the pulmo-
nary mesenchyme during later stages of lung growth, 
and finally from endothelial cells, whereas the muscular 
wall of the pulmonary veins is exclusively derived from 
the pulmonary mesenchyme (Hall et al. 2002).

By 24 GW, the fetal lung has reached a degree of 
structural maturity, which allows extremely preterm 
children to survive under intensive respiratory support. 
As a consequence of the aforementioned complex mech-
anisms, the terminal airways have further developed, 
and histologically, the saccular stage of lung develop-
ment has been reached. Still, the important process of 
“biochemical” lung maturation has not yet begun. The 
advanced differentiation of type 2 alveocytes enables 
their cellular organelles to produce surfactant, which can 

be readily detected in the amniotic fluid of the majority 
of fetuses by 30 GW (Odom and Ballard 1997) (Fig. 1).

By 30 GW, the structural development of the fetal 
lung is by far incomplete, since the first alveolar struc-
tures are now appearing (Fig.  1). Alveoles are uni-
formly present in the lungs at 36 GW (Langston et al. 
1984), but continue to increase in number, with over 
85% of alveoles formed (Thurlbeck 1982), particularly 
during the first 2 years (Burri 1997) after birth.

2 � MRI of the Developing Fetal Lung

Since the beginning of fetal MR imaging (Smith et al. 
1983), the assessment of the maturity and size of the 
developing respiratory system has been of great inter-
est (Powell et  al. 1988). Particularly the advance of 
ultrafast MR imaging sequences has attracted the 
scientific and clinical interest in this technique. 
Nowadays, MR offers a detailed visualization of the 
thoracic organs irrespective of conditions, which are 
known to interfere with sonographic image quality, 
such as maternal obesity, advanced rib ossification, or 
oligo/anhydramnios. According to the ability to char-
acterize chemical tissue properties, fetal MR gains 
insights into the biochemical and microstructural mat-
uration of the lung. Further improvements in the acqui-
sition speed of MR sequences and in the correction of 
motion artifacts by advanced postprocessing methods 
promise to boost the diagnostic impact of MRI on the 
perinatal management of fetuses at risk for lethal or 
life-threatening pulmonary hypoplasia.

2.1 � MR Assessment of Fetal 
Lung Structure

During development, the pulmonary tissue is subject 
to substantial structural changes. Most notably, the 
mesenchyme and interstitial tissues between the form-
ing saccules and alveoles undergo apoptotic changes 
and continuously disappear (Fig. 1). Together with 
angiogenesis, this leads to an approximation of future 
air spaces and pulmonary capillaries. Subsequently, 
the alveolar-capillary barrier thins and guarantees an 
efficient and sufficient gas exchange after birth.
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These developmental changes of lung structure can 
be visualized by ultrasound and MRI. According to the 
decrease in tissue density, especially during the canali-
cular and saccular stages of lung development, the sono-
graphic appearance of the fetal lung parallels this process 
by changes in the lung tissue echogenicity. At 22 and 23 
GW, the mean gray value of the fetal lung on T2-weighted 
and T1-weighted sequences equals that of the fetal liver 

(Fig.  2). Between 24 and 31 GW, the lungs linearly 
become darker and less echogenic, and finally, increase 
in echogenicity in the last weeks before birth (Tekesin 
et al. 2004). However, no single sonographic feature has 
been found to significantly correlate with the biochemi-
cal maturity of the fetal lung (Cayea et al. 1985).

Since MRI is based on the visualization of magnetic 
properties of molecules and tissues, particularly those 

Fig. 2  Axial T2-weighted sequences of the fetal thorax, at the 
level of the tracheal bifurcation at 15 (a), 21 (b), 25 (c), and 31 (d) 
GW. Note the initial intermediate signal intensity of the fetal lung, 

decreasing during the canalicular stage with the lowest signal 
intensity between 19 and 23 GW (b). Afterwards, the T2-
weighted signal increases substantially
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rich in protons, it is an ideal tool to gain data on the 
chemical composition of a certain organ or tissue type. 
Thus, MR allows us to noninvasively examine the cor-
relates of the aforementioned structural and biochemi-
cal developmental processes leading to a functionally 
mature lung. This is mainly achieved by the use of a 
variety of different imaging sequences.

Nowadays, the T2-weighted single-shot fast spin 
echo sequence is the most commonly used MR sequence 
in the assessment of the fetus in general. Using an opti-
mized field of view and a rapid acquisition (approxi-
mately 20 s) by implementing acceleration factors, this 
sequence can be acquired with a slice thickness of as 
low as 3 mm in fetuses aged 17 GW and older.

At the beginning of the canalicular stage (17 GW), 
the fetal lung is visualized by T2-weighted sequences 
with an intermediate signal intensity, modestly hypoin-
tense to amniotic fluid and clearly hyperintense to 
muscle and to liver (Figs.  2–4). Using T2-weighted 
sequences, the anatomy of the lungs, grossly showing 
their characteristic morphological organ shape, the tra-
chea and hilar structures, which are mostly fluid-filled 
at this stage, are successfully visualized (Figs.  5–7). 
Occasionally and inconsistently, the fluid-filled esoph-
agus can be seen as well as fluid-filled structure, espe-
cially at the level of the hiatus (Fig. 5).

Whereas T1-weighted sequences are less efficient in 
depicting the pulmonary anatomy, they initially provide 

Fig. 3  Image examples of the six evaluated sequences of fetuses 
of three different age groups: (a) 23–26 weeks, (b): 32+1–32+ 6 
weeks, and (c): 34–37 weeks of gestation. The increasing signal 
intensities on all T2-weighted sequences and on FLAIR and the 

decreasing signal intensity on T1-weighted sequence are dem-
onstrated during the course of pregnancy. (Copyright Balassy 
et al. 2007)
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a stable, intermediate signal intensity of the pulmonary 
tissue (Figs. 3, 4, and 6). These imaging characteristics 
may be related to the high amount of protein and lipid 
rich interstitial mesenchyme and the comparably low 
amount of free intraluminal lung fluid.

It is commonly accepted that the brightness of the 
fetal lung parenchyma on T2-weighted sequences 
increases with gestational age (Duncan et al. 1999a, b; 
Kuwashima et  al. 2001; Levine et  al. 2003; Balassy 

et  al. 2004; Keller et  al. 2004; Osada et  al. 2004; 
Brewerton et al. 2005). This effect can be detected at 
different echo times, but its visual perception is great-
est using echo times longer than 120  ms (Fig.  2) 
(Balassy et al. 2007).

In the last decade it was hoped that the properties of 
FLAIR (long tau inversion recovery) sequences, to 
attenuate the signal of the unbound water fraction, can 
be used to evaluate the level of lung maturity and 

Fig. 4  The changing imaging characteristics of the fetal lung and 
liver between 21 and 28 GW in a longitudinal study of the same 
fetus: increase of the lung signal intensity and slight decrease of 

the liver signal intensity, visible on T2- (left row) and less evi-
dently on echo-planar sequences (right row). The signal changes 
occur vice versa on T1-weighted sequences (middle)
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Fig. 5  Comparative scheme of axial T2-weighted and balanced 
gradient echo sequences in the visualization of the fetal thorax at 
21 GW: the fetal respiratory tract is visualized from laryngeal 
level (black arrowheads) to the tracheal bifurcation (white arrow) 

and the fluid-filled main bronchi. The esophagus can be fre-
quently seen on T2-weighted sequences at the level of the hiatus 
(circle). Note the less clear delineation between lung and liver 
tissue on balanced gradient echo sequences

potentially elaborate the contribution of surfactant to 
the lung signal. As with T2-weighted sequences, the 
signal of the lung parenchyma was found to increase 
(Balassy et al. 2007). Unfortunately, FLAIR imaging 
is very sensitive to motion and thus often provides arti-
fact degraded data with abnormally high or low lung 
signals. Additionally, the effect of age-dependent sig-
nal increase is less perceptible on these sequences.

T1-weighted sequences can often be successfully 
acquired during maternal breath hold providing a 
robust signal, which can be most consistently quanti-
fied. It has been concordantly demonstrated that the 
T1-weighted signal of the fetal lung is declining dur-
ing the canalicular and saccular stage of lung growth 
(between 20 and 30 GW, Figs. 3, 4, and 6) (Duncan 
et al. 1999a, b; Balassy et al. 2007).

Before birth, the fetal lung displays a very charac-
teristic homogenous bright appearance on T2-weighted 

images and profound hypointensity on T1-weighted 
sequences.

The physiologic background behind the changing 
MR signal properties of the growing lung is complex 
and may not be attributed to a single maturational 
mechanism. Actually it is appreciated that the MR 
characteristics of the pulmonary parenchyma relate to 
a variety of structural and biochemical developmental 
processes and indirectly reflect the maturational state 
of the fetal lung (Fig. 1).

Currently, the theoretic concept assumes that the 
lung signal increase on T2-weighted sequences and 
decrease on T1 weighted sequences is mainly influ-
enced by the changing amount of lung fluid and the 
larger fraction of unbound protons at later gestational 
ages (Sedin et al. 2000). As fetal lung fluid production 
serves as a key stimulus for lung growth (described 
above and proven by a MR study in fetal sheep 
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Fig. 7  Sagittal thick slab T2-weighted sequences at 22, 25, and 29 GW: Note the hyperintense depiction of the trachea, especially 
at early stages of lung development. Moreover, the fetal lungs have increased in signal intensity

Fig. 6  Parasagittal and median/parasagittal sequences of a fetus aged 21 GW. Note the relations between the signals of the lungs, 
the fluid-filled stomach, and the liver. At this stage, the trachea can be nicely delineated in its entire course
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(Wedegaertner et al. 2004)), its noninvasive evaluation 
by fetal MR allows an estimation of the actual growth 
potential of the fetal lung.

The decreasing amount of interstitial tissue and mes-
enchyme (Fig. 1) is leading to a lower amount of the 
overall lipid and protein content of the lung, mirroring 
the process of alveolar-capillary barrier thinning. This 
may particularly affect the signal on T1-weighted 
sequences resulting in a lower signal in structurally 
more mature lungs (Sedin et al. 2000; Osada et al. 2004; 
Balassy et al. 2007). Besides microstructural changes, 
the generation of surfactant after 24 GW may influence 
the lung signal. According to the chemical composition 
of surfactant (90% phospholipids and 10% proteins), it 
affects the MR appearance of the fetal lung parenchyma; 
however, it is still unclear if its quantity and concentra-
tion are high enough to visually contribute to the MR 
signal of the fetal lung on any of the used sequences.

Vasculogenesis and growth of the distal capillary 
bed importantly affect the state of maturity of the fetal 
cardiopulmonary system. Still, the exact impact of 

these processes on the signal intensity of the fetal 
lung is not yet known. Basically, the fetal lung remains 
a low flow, high resistance vascular network through-
out pregnancy. By the 20th week of gestation, only 
13% of the cardiac output supplies the lung, doubling 
until 30 GW and then remaining constant (Rasanen 
et al. 1996).

Recently, diffusion-weighted sequences have also 
been used to monitor lung maturation (Fig. 8). Some 
works found a significant linear increase in the appar-
ent diffusion coefficient (ADC) during pregnancy and 
related this finding mainly to hemodynamic changes 
and vasculogenesis (Moore et  al. 2001, Manganaro 
et  al. 2008). Others did not find any age-dependent 
changes of lung diffusion parameters, but detected 
their regional variation as expression of the local het-
erogeneity of fetal lung tissue (Fig. 8) (Balassy et al. 
2008), possibly reflecting the apicobasal gradient of 
structural lung maturity reported in animal studies 
(Zeltner et  al. 1990) and human fetuses (Laudy and 
Wladimiroff 2000). Since diffusion-weighted imaging 

Fig. 8  Coronal diffusion-weighted sequence with b-values of 0 
and 700 s/mm². The signal characteristics of the fetal lungs on 
diffusion-weighted images are inconsistent in their developmen-
tal appearances as well as in their anatomic variation. Note the 

low ADC values of the cerebral cortex, the kidneys, and the side 
differences in ADC and diffusivity values between the right and 
left lung
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is highly susceptible to motion, the high variability of 
diffusion measurements may be explained by technical 
limitations. Before no more consistent data on this 
subject are available, diffusion-weighted imaging of 
the fetal lung remains of theoretical use.

Basically, a variety of developmental processes are 
contributing to the appearance of the fetal lung on 
MRI. As yet, not enough animal data are available to 
confidently link a certain maturational factor to the 
lung signal changes of the lungs. However, an abnor-
mally low signal on T2-weighted sequences and an 
abnormally high signal on T1-weighted sequences is 
always an indicator of abnormal or even immaturity.

2.2 � Quantification of Fetal 
Lung Signal Intensities

Several attempts have been made to quantify the MR 
signal changes of the fetal lung in order to objectify 
abnormal signal properties of the fetal lung. After the 
first relaxation time measurements by Duncan et  al. 
(Duncan et al. 1999a, b) using time- consuming multi-
echo sequences, more recent studies focused on the 
quantification of lung signals by direct measurement of 
the lung signal intensity. Since the absolute SI values 
showed a high variability, lung signal intensity ratios 
between lung and liver signals were calculated in order 
to achieve more stable values (Keller et al. 2004; Osada 
et  al. 2004; Balassy et  al. 2007). As hematopoietic 
organ, the fetal liver does not provide a stable MR sig-
nal during the second and third trimester (Balassy et al. 
2004; Keller et al. 2004), and therefore, cannot serve as 
an optimal reference organ. Thus, none of the follow-
ing studies in larger cohorts and especially in younger 
fetuses (under 24 GW) was successful in defining age-
dependent absolute reference values, which could be 
clinically used to identify abnormal lung growth (Keller 
et al. 2004; Osada et al. 2004; Brewerton et al. 2005). 
Still, several experiences show that the quantification 
of fetal lung signal intensity increases sensitivity in the 
detection of pulmonary hypoplasia, especially when 
combined with fetal lung volumetry (Ikeda et al. 2000; 
Kuwashima et al. 2001, Kasprian et al. 2006; Balassy 
et al. 2004; Brewerton et al. 2005). Therefore, future 
work will aim to develop fast multiecho sequences, 
which allow the absolute organ-independent lung sig-
nal measurement techniques.

2.3 � Surfactant Detection  
by MR Spectroscopy

Surfactant, chemically, is mainly composed of proteins 
(10%) and phospholipids (90%), including mainly phos-
phatidylcholine (lecitihin, 70%) and lesser amounts of 
phosphytidylglycerol, phosphatidylethanolamine, and 
phosphatidylinositol. So far only invasive testing of the 
lecithin/sphingomyelin ratio in amniotic fluid samples 
after amniocentesis could provide in vivo and in utero 
data on the state of surfactant production and “biochem-
ical” fetal lung maturity (Krieglsteiner et al. 1976). Due 
to the ability of MR spectroscopy to noninvasively detect 
and quantify the chemical compounds of fluids and tis-
sues in  vivo, the potential of this technique has been 
realized early (Nelson et  al. 1987) and, despite great 
technical challenges, it is still hoped to be of great value 
in the assessment of fetal lung maturity.

Using single voxel H1 spectroscopy, the quantifica-
tion of surfactant in vivo basically followed two strate-
gies: either the point-resolved spectroscopy (PRESS) 
box was placed in amniotic fluid pockets or directly in 
the pulmonary tissue of the fetus (Fenton et al. 2001; 
Clifton et al. 2006; Kim et al. 2008).

The attempt of detecting surfactant in amniotic fluid 
has the advantage of being less affected by fetal motion. 
In earlier ex vivo studies, a broad profile of chemical 
compounds has been found in amniotic fluid samples, 
comprising creatinine, glucose, organic acids (acetate, 
citrate, and lactate), and several amino acids (valine, 
alanine, histidine, tyrosine, phenylalanine, leucine, 
and isoleucine) (McGowan et  al. 1993; Sims et  al. 
1993, Nelson et al., 1987). However, according to the 
low concentrations of choline in amniotic fluid, the 
possibility of detecting surfactant in vivo at a clinical 
1.5 T scanner has been doubted (McGowan et al. 1993; 
Sims et al. 1993).

A recent 11.5  T ex vivo MR spectroscopy study 
managed to consistently detect the main compound of 
surfactant – phosphatidylcholine – in amniotic fluid 
with the characteristic peak at 3.2  ppm and found a 
progressive increase in the choline/creatine ratio during 
the second and third trimester of pregnancy (Clifton 
et al. 2006). Actually, only sporadic experiences of in 
utero and in vivo choline detection in amniotic fluid 
and in the fetal lung at clinical 1.5 T MR scanner are 
available. They have been successfully performed 
exclusively in late pregnancy (>35 GW), thus being of 
almost no clinical use at this developmental stage 
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(Fenton et  al. 2001; Clifton et  al. 2006; Kim et  al. 
2008).

Generally, caution is necessary when interpreting in 
utero spectroscopy results. Apart from the low signal-
to-noise ratio in clinical scanning, the signals arising 
from the target tissues may be contaminated especially 
by lipids from maternal or fetal fatty tissue and conse-
quently cause false-positive or -negative results (Kok 
et  al. 2002, Kim, et al 2008). Therefore, clinical in 
utero spectroscopy is rather a matter of ongoing MR 
research (particularly at higher field strengths), then a 
reliable instrument in the assessment of fetal lung 
maturity.

Although different approaches in the noninvasive 
assessment of fetal lung maturity are currently under 
investigation, the subjective assessment of the fetal lung 
signals on different MR sequences by a physician with 
experience in fetal MR imaging seems to be the most 
reliable strategy to assess fetal lung development.

The visual qualitative assessment of the signal 
intensities of the fetal lung should be part of each fetal 
MR examination, since it allows a quick and sensitive 
marker for the detection of pulmonary hypoplasia.

2.4 � Quantification of Fetal 
Pulmonary Volume

The postnatal viability of a fetus requires a sufficient 
surface area of the gas-exchanging alveolar epithe-
lium. Currently, there is no in vivo method available to 
directly or indirectly assess this parameter. The lung 
volume of a fetus does not necessarily correlate with 
the actual potential of pulmonary oxygen uptake, thus 
its quantification does only allow an estimate of future 
respiratory outcome. Actually, it constitutes the most 
important prognostic parameter for postnatal respira-
tory outcome, measureable by noninvasive prenatal 
imaging techniques.

As clinical tool, quantification fetal lung volume is 
essentially feasible in the age period between 17 and 
30 GW. Earlier than 17 GW, the organ size is very 
small and the utility as a prognostic parameter is lim-
ited. As pregnancy advances, the fetal lung usually 
reaches a certain level of microstructural and biochem-
ical maturity, which seems to compensate for a small 
organ size. This is reflected by the fact that later than 
30 GW normal fetal lung volume shows a wide range 

of individual variability without any major impact on 
postnatal lung function.

Estimation of fetal lung size is helpful in any condi-
tion, where pulmonary hypoplasia must be suspected 
(see Chap. 27). Both methods – prenatal sonography 
and fetal MR – technically allow the 2D and 3D assess-
ment of fetal lung size. As the postmortem quantifica-
tion of the pulmonary volume is hampered by postmortem 
lung collapse and tissue degradation, it cannot serve as 
reasonable “gold standard.” Therefore, the direct com-
parison of the accuracy of these methods is hardly 
possible.

2.4.1 � 2D Fetal Lung Biometry

2D Biometry is the most timesaving way to assess fetal 
lung size and has been frequently applied by ultrasound 
studies in order to detect pulmonary hypoplasia. So
nographic measurements were initially confined to 
biometry of the fetal thorax, by measuring the thoracic 
circumference (Thompson and Makowski 1971; Nimrod 
et al. 1986; Fong et al. 1988; Songster et al. 1989). As 
the quantification of thoracic circumference includes 
contribution from all thoracic organs, this method was 
associated with a low specificity, which could not be 
improved by determination of the fetal thoracic area and 
subtraction of the measured heart area (Vintzileos et al. 
1989). Finally, it had to be noted that the measurement 
of chest circumference without any additional diameter 
of the fetal lung was not sufficiently accurate to predict 
pulmonary hypoplasia (Merz et  al. 1999). Thus, it 
became clear that the only way to raise the sensitivity 
and specificity of prenatal biometry methods was to 
restrict the measurements to the fetal lung and avoid the 
inclusion of other thoracic organs.

The value of linear 2D measurements of certain 
diameters of the fetal lung (mostly at the level of the 
four-chamber view) seems to depend on the etiology 
of pulmonary hypoplasia. Several studies could show 
that the lung-to-head ratio (see paragraph CDH) is a 
quick and useful parameter in predicting lethality of 
left-sided CDH (Metkus et  al. 1996; Sbragia et  al. 
2000; Jani et al. 2006) and has been used in the inclu-
sion criteria for FETO. Still, the clinical evidence for 
this tool as independent predictor of outcome in CDH 
is unclear (Heling et al. 2005; Ba’ath et al. 2007).

In pulmonary hypoplasia secondary to other con-
ditions, such as PROM, hydrothorax, thoracic lesions, 
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and renal failure, the results of 2D lung biometry 
(lung length, transverse diameter, and sagittal diam-
eter) are not reliable (Heling et  al. 2001; Gerards 
et al. 2008).

Therefore, and according to the multiplanar capa-
bilities of fetal MR, the examiner should take advan-
tage of the possibility of 3D organ volume quantification 
and avoid linear measurements in any case or situation 
where pulmonary hypoplasia is suspected.

2.4.2 � Clinical Evidence for Fetal Lung 
Volumetry as Diagnostic Test

Depending on the indication, the technique of fetal 
lung volumetry is currently in stage II and III of Gluud 
and Gluud’s four-stage assessment of diagnostic tests 
(Gluud and Gluud 2005), meaning that normal refer-
ence values have been established, but evaluations of 
the accuracy of the test are still ongoing. Clinical evi-
dence that a method is suitable to predict perinatal 
survival in certain conditions requires the assessment 
in all four stages including randomized intervention 
trials and large cohort studies, which determine the 
clinical effects of the respective test (stage IV). Due 
to the traditionally small cohort sizes in fetal MR 
studies, it will require some time to establish fetal 
lung volumetry as reliable test for pulmonary hyp-
oplasia in a variety of conditions, although the most 
recent results in certain pathologies (such as CDH) 
are promising.

2.4.3 � Method of Fetal Lung Volumetry

�Background

Recently, several groups reported normal reference 
values of fetal lung volumes between 18 and 37 GW  
(Table 1). Except for some specialized prenatal care 
centers, this method has not been accepted as stan-
dard in the detection and quantification of pulmo-
nary hypoplasia. This is mainly due to the complicated 
and time-consuming postprocessing, as well as the 
need for the involvement of an examiner, experi-
enced in fetal anatomy and the technique of MR 
volumetry. Automated, computerized lung volume 
quantification (Thayyil et  al. 2008) would help to 
overcome some of these problems. Currently, it is 

difficult to automatically create appropriate masks, 
which accurately define the organ boundaries and 
prevent the inclusion of other organs, mainly due to 
the inhomogeneous signal properties of the fetal 
lung, which are often overlapping with extrapulmo-
nary structures. Additionally, the changing signal 
characteristics of the fetal lungs, especially in the 
condition of hypoplasia, would lead to inconsistent 
and unreliable results. Therefore, the manual tracing 
method is actually the only and most reliable tool in 
the fetal MR biometry of fetal lung volumes. Still, its 
accuracy and diagnostic value depend on skill and 
experience of the examiner. This can be easily and 
quickly achieved, as the anatomy of the fetal lung is 
visualized in an unequivocal way (Figure 4, 5, 6).

�Procedure of Fetal Lung Volumetry

�The Sequences

The consistency and validity of MR volumetry data 
crucially depend on the quality of the image raw data. 
In case of suspected pulmonary hypoplasia, at least 
one high-quality MR sequence covering the entire fetal 
thorax, without evident fetal motion artifacts, must be 
acquired. Generally, it has been shown that the axial 
slice orientation offers the most accurate measurement 
data (Tanigaki et al. 2004; Jani et al. 2005; Ward et al. 
2006; Busing et al. 2008). Sagittal and coronal mea-
surement planes are acceptable as well (Ward et  al. 
2006), but according to their smaller slice number, 
they may underestimate the total lung volume (Jani 
et al. 2005; Busing et al. 2008). In order to compare the 
measured individual data with the fetal lung volumetry 
reference data available in literature, it has to be 
acknowledged that the majority of studies chose the 
axial slice orientation as reference for the volumetry 
procedure.

Another important factor is the choice of the imag-
ing sequence. Accurate lung volumetry demands a low 
slice thickness and a small field of view, respecting a 
reasonable acquisition time to avoid movement arti-
facts. In literature, two types of sequences are mainly 
described as a basis for fetal MR volumetry: T2w (sin-
gle-shot turbo or fast spin echo/HASTE or RARE 
sequences) and balanced gradient echo (steady-state 
free precession/true FISP/FIESTA) sequences. In 
Fig. 5, the differences in the visualization of the fetal 
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lung are graphically compared. Both have advantages 
and limitations:

T2w Sequences (Fig. 5) have the advantage to:

(a)�	� Provide an excellent contrast between the high- 
signal lung tissue and the surrounding structures 
(particularly, when using long echo times – >120 ms).

(b)	�� Offer an exact delineation between pulmonary  
tissue and vascular structures at the hilum.

(c)	� Allow the reliable identification of fetal pulmo-
nary parenchyma even in cases of severe pulmo-
nary hypoplasia and in pathological conditions, 
where the fetal thoracic anatomy is unclear.
Have the disadvantage to:

(a)�	� Be limited by a rather greater slice thickness. 
However, a slice thickness between 3 and 4.5 mm 
should be achieved (Kasprian et  al. 2006) and is 
commonly used in the reference literature (Jani 
et al. 2005; Cannie et al. 2006; Busing et al. 2008).

Balanced gradient echo sequences (steady-state free 
precession/true FISP/FIESTA) (Fig. 5) have the advan-
tage to:

(a)	 Be more robust against motion artifacts.
(b)	� Offer a smaller slice thickness (consistently 3 mm, 

see Chap. 29).
(c)	� Show the anatomy of thoracic blood vessels and the 

fetal heart in more detail, than T2-w sequences.
and have the disadvantage to

(a)	� Allow a less distinct delineation of the pulmonary 
parenchyma, which appears more isointense to the 
thoracic wall and mediastinal structures. Consequently, 
they seem to rather underestimate the “real” fetal 
lung volume (Busing et al. 2008)

(b)	� Prevent the detailed differentiation between path-
ological and normal lung tissue (for instance, in 
cases of congenital cystic adenomatoid malfor-
mations –CCAM)

Mainly, the choice of the sequence has to follow practical 
considerations. Basically, T2-weighted sequences may be 
currently the most reasonable fetal lung imaging sequence 
choice, as most of the reference data are based on 
T2-weighted data. In cases of considerable motion arti-
facts, balanced gradient echo sequences may be more effi-
cient in providing an artifact-free image dataset, but are 
limited in the comparison with available reference data. 
According to the low resolution (large field of view and 
the longer acquisition times), T1- and T2-FLAIR weighted 
sequences currently play no role in MR lung volumetry.

In addition to the choice of sequence type, the matrix 
and slice thickness have to be optimized (see Chap. 29 
and Table 1). Currently, a matrix of 256 and a slice 
thickness between 3 and 5 mm should be achieved.

Almost always occurring motion artifacts substan-
tially limit image data quality, and in certain cases, the 
use of maternal and fetal sedation constitutes the only 
possibility to reduce them. As any kind of in utero 
pharmacological intervention should be used in a 
restrictive way, other strategies to limit fetal motion 
have to be exploited. Especially, sequence acquisition 
using maternal breath hold does not only limit mater-
nal motion, but also reduce fetal breathing movements 
(Meyberg-Solomayer et al. 2007).

�Data Preparation and Measurement Procedure

The postprocessing of fetal imaging data is always a 
debate of personal habits and individual opinions. 
There are many software packages (commercially or 
freely) available (see Table 1) which allow a quantifi-
cation of body or organ volumes. According to the 
semiautomated technique, the postprocessing software 
does not impact the volumetry data quality, but may 
influence the speed of the postprocessing workflow.

In order to achieve the most reliable results, it is impor-
tant to rule out movement as a major source of error in 
fetal lung volumetry (Fig.  9). For obvious reasons, the 
detection of motion-degraded images should be already 
performed by the time of sequence acquisition as this 
may guarantee at least one axial sequence of acceptable 
quality for volumetry. This mainly applies to artifacts 
caused by fetal motion, as they are easily detectable.

However, maternal breathing movements may result 
in significant motion of the fetus in the craniocaudal 
axis and thereby to the repeated acquisition of one 
slice position. Especially, while assessing axial images, 
this bias is difficult to realize. A fast and secure way to 
prevent this error is the reconstruction of the sequence 
in the coronal and sagittal plane (Fig. 9). Most of the 
available image processing software packages provide 
a multiplanar reconstruction tool, which is easily 
accessible. The appearance of large “steps” of the fetal 
thoracic body contour in the reconstructed image may 
serve as a good indicator of maternal or fetal motion 
(Fig. 9). In this way, misregistrations of the volumetry 
data may be avoided and accuracy of the measure-
ments improved.
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Fig.  9  The problem of fetal motion in fetal lung volumetry: 
multiplanar reconstruction of the original data sensitively detects 
fetal and/or maternal motion, even if the in-plane/axial image 

appears of quite good quality (upper row). Repeated acquisition 
of T2-weighted sequences increases the chance of a nonmotion-
degraded dataset with a smooth reconstruction (lower row)
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The manual delineation of the pleural contours of the 
fetal lung is still the most reliable way to segment this 
organ. The clear delineation of fetal pulmonary tissue 
may be challenging in certain anatomical regions. In 
order to compare the volumetry data with the reference 
literature, the hilar structures (pulmonary vessels, bron-
chial airways) should be avoided (Fig. 10). Segmentation 
of the lung base is often challenged by partial volume 
artifacts (due to the diaphragmatic domes). Additionally, 
the hyperintense adrenal cortex and retroperitoneal fat 
make it difficult to differentiate between the bordering 
tissue types (Fig. 5). A consistent way to measure in this 
area is important as incorrect segmentation at the lung 
base causes the greatest error.

2.4.4 � Reference Data of Fetal Lung Volumes

Table 1 provides an overview of the currently available 
reference data of fetal lung volumes. Fig. 11 shows the 
(quadratic regression) growth curves of three MR 
studies with a study population over 100 cases (Rypens 
et al. 2001; Cannie et al. 2006; Kasprian et al. 2006). 
These studies used comparable methods concerning 
imaging parameters and postprocessing methods. The 
major limitation in these studies is the inclusion of 
fetuses with (mostly) cerebral abnormalities.

In order to apply the volumetry results in the assess-
ment of pulmonary hypoplasia, the volumetry results 
have to be correlated to a reference, such as gestational 
age (Rypens et al. 2001; Kasprian et al. 2006) or fetal 
body volume (Cannie et al. 2008). As total body volume 
shows the closest correlation with fetal lung volume 
(Cannie et al. 2008), this additional measurement may 
be acquired as well. However, total body volume quan-
tification is time-consuming and currently it is not clear 
if this additional effort has a clinical impact. Nevertheless, 
especially in conditions in which total body volume is 
reduced as well (IUGR, syndromes, complex malfor-
mations), this approach is beneficial and more sensitive 
in the detection of lethal pulmonary hypoplasia.

Figure 11 shows a comparison of the mean values 
of fetal lung volumes between 18 and 38 GW, deter-
mined by 3 MR studies (Rypens et al. 2001; Kasprian 
et al. 2006; Cannie et al. 2008) in at least more than 
106 (Kasprian et  al. 2006) and a maximum of 215 
(Rypens et al. 2001) cases and a overall case number 
of 521 cases. All studies used a comparable measure-
ment and imaging technique (Table  1) leading to a 
standard variation between the age-related mean val-
ues of overall and between 18 and 32 GW. These data 
may be used as initial reference data.

Fig. 10  In order to consistently measure the fetal lung volume, 
the segmentation of the pulmonary parenchyma has to follow cer-
tain rules. For instance, the hilar structures have to be avoided
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Fig. 11  Summary of the age-related mean values of the pulmo-
nary volumes derived from three MR studies with the largest 
study population(Cannie et al. (2006, 2008): line, Rypens et al. 
(2001): semi dashed line, Kasprian et al. (2006): dotted line)
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For a number of reasons, the assessment of lung vol-
ume as a prognostic determinant of later pulmonary 
function is especially valuable before 27 GW. First, 
variations in lung volume can be physiologically com-
pensated more easily after and the functional conse-
quences of a small lung size are more detrimental before 
this fetal age. Second, the impact of these data on peri-
natal management is much greater at earlier gestational 
ages. Third, at 18–27 GW, the anatomical variability of 
lung size is much less evident compared to older fetuses 
leading to a lower standard deviation. However, volum-
etry is generally more inaccurate in small organ sizes 
leading to a certain examiner-dependent variability.

The diagnostic utility of fetal lung volumetry refer-
ence data in different pathologies is discussed in 
Chap. 26.

3 � MR Assessment of Fetal 
Breathing Movements

Over 120 years ago, Ahlfeld (1888) and Weber (1888) 
described see-saw movements in the umbilical region 
of the mother and attributed them to fetal breathing 
movements. Nowadays, these movements have been 
widely noticed as early expression of the maturing cen-
tral nervous system and are frequently used as biologi-
cal marker of fetal wellbeing (Trudinger et al. 1979). 
Moreover, they importantly contribute to the structural 
and biochemical maturation of the fetal lung. In the 
complete absence of fetal breathing movements, type 2 
pneumocytes are unable to compile, store, and release 
surfactant, and type 1 pneumocytes are unable to flatten 
and optimize gas exchange (Inanlou et al. 2005).

Using sonography, fetal breathing movements can 
be observed from 10 GW onwards (de Vries et  al. 
1982). Initially, fetal breathing movements are observed 
infrequently (Natale et  al. 1988). During second and 
third trimester development, their incidence, frequency, 
and pattern change. Before 20 GW, fetal breathing 
movements are dominated by abdominal movements 
with typical “see-saw” configurative changes of the 
fetal trunk, then followed by more extensive chest 
movements, and finally nasal fluid flow is detected 
sonographically (Cosmi et al. 2003), constituting the 
sonographic equivalent of frequent diaphragmatic con-
tractions or the result of contractions of the airway 
smooth muscle (Badalian et al. 1996). Before 32 GW, 

the breathing cycle is short and periodic and finally 
gets more uniform and regular before birth (Trudinger 
and Knight 1980).

When encountered during fetal MR studies, fetal 
breathing movements are mostly causing motion arti-
facts and thereby reducing image quality and the accu-
racy of fetal lung volumetry. However, using dynamic 
sequences (Prayer et al. 2006), fetal breathing move-
ments can be visualized during repeated intervals of 
200  s of observation/image acquisition time. Since 
comparably long periods of apnea (14  min (Natale 
et  al. 1988) to 122  min (Rayburn 1995)) have been 
reported in normal fetuses, the current observational 
window offered by MRI is too small to allow their 
conclusive assessment. However, in fetal MR studies 
complicated by severe fetal motion, the application of 
dynamic MR sequences adds information on the bio-
physical state of the fetus. Mainly two types of abnor-
mal fetal breathing movements have been reported in 
various fetal pathologies: hyperkinetic and hypoki-
netic movements (de Vries and Fong 2007). Poor/
hypokinetic fetal breathing movements seem to be a 
nonspecific movement pattern encountered in numer-
ous fetal pathologies. Conversely, hyperkinetic breath-
ing motion with high-speed, large amplitudes may be 
a more specific phenomenon as it has been observed in 
tracheal atresia (Baarsma et al. 1993).

Although the importance of fetal MR in monitoring 
fetal breathing movements is definitely limited by the 
short observation time, the dynamic MR examination 
of the fetus offers insights into the fetal breathing pat-
tern, which may be used in the holistic assessment of 
fetal abnormalities.
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