
Background: Postnatal adaptation requires liquid clear-
ance and lung aeration. However, their relative contribution 
to the expansion of functional residual capacity (FRC) has not 
been fully investigated. We studied evolution of lung liquid 
removal and lung aeration after birth in preterm lambs.
Methods: Lung liquid content and lung volume were 
assessed at birth and every 30 min over 2 h using magnetic 
resonance imaging (MRI) in three groups of lambs delivered 
by cesarean: preterm, late preterm, and late preterm with ante-
natal steroids. Lung function and mechanics of the respiratory 
system were also measured.
results: Lung liquid content increased by approximately 
30% in the preterm group (P < 0.05), whereas it did not change 
significantly in the late preterm lambs. Antenatal steroids 
induced a 50% drop in the lung liquid content (P < 0.05). Total 
lung volume increased in all groups (P < 0.05) but was higher 
in the late preterm + steroids group relative to other groups  
(P < 0.05). Compliance and resistances of the respiratory system 
were significantly correlated with lung liquid content (P < 0.05).
conclusion: FRC expansion results mainly from an increase 
in lung volume rather than a decrease in lung liquid in preterm 
and late preterm lambs. Antenatal steroids promote FRC expan-
sion through increases in lung volume and liquid clearance.

Fetal airways are filled with liquid produced by the epithelial 
cells of the distal airways. The transition to extrauterine life 

at birth requires rapid aeration of the lungs for initiating gas 
exchange (1). The airways and airspaces are rapidly cleared of 
liquid to allow the onset of air-breathing. Many studies have 
focused on the role of epithelial sodium channels in lung liq-
uid reabsorption (2). Coupled with Na,K-ATPase (Na pump), 
Na channels facilitate trans-epithelial Na flux, thereby draw-
ing water from the lung lumen into the interstitium, a pro-
cess that normally begins during labor, and continues after 
birth. Ventilation and oxygenation promote lung liquid clear-
ance through the epithelial cells toward the interstitium (3,4). 
Recent studies have asserted that the transpulmonary pres-
sure generated by inspiratory efforts also plays a critical role 

in airway liquid clearance (5,6). During the first hours after the 
birth, lung liquid within the interstitium is transferred to the 
circulation via lymphatic and blood vessels (7).

Delayed lung liquid clearance is associated with impaired 
lung function. Preterm birth and elective cesarean section are 
associated with an increased risk for neonatal respiratory fail-
ure, resulting at least in part from the impaired clearance of 
lung liquid. Antenatal steroids are known to reduce the risk by 
promoting lung maturation and surfactant release (8).

Although lung aeration and liquid clearance are sequential 
but overlapping processes, their relative contributions to nor-
mal functional residual capacity (FRC) have not been fully 
investigated. The aim of this study was to assess the kinetics 
of lung liquid clearance and lung expansion in experimen-
tal models of preterm and late-preterm lambs. The effects of 
antenatal steroids were also investigated. Magnetic resonance 
imaging (MRI) was used to estimate serial changes in lung liq-
uid content and lung volume.

METHODS
Experimental Model
All animal procedures and protocols used in this study were 
approved by the French “Ministère de l’Agriculture, de la Pêche et 
de l’Alimentation” before the studies were conducted and were car-
ried out in the Department of Experimental Research of our Hospital 
centre (animal facility agreement n°59286). Pregnant ewes of the 
Colombia-Rambouillet breed were housed in individual pens start-
ing a week before (at 110 d of gestational age) and throughout the 
procedure.

Sixteen pregnant ewes were randomly assigned to three groups: 
preterm (n = 5), late preterm (n = 5), and late preterm with antena-
tal steroids (n = 6). Forty-eight hours before the surgery, the ewes 
received normal saline or 0.5 mg/kg of Dexamethasone (Qualimed, 
Puteaux, France) twice daily via an intramuscular injection. The fetal 
sheep underwent in utero surgery at a gestational age of 122–124 d 
(preterm, n = 5), or 134–136 d (late preterm, n = 11) after fasting 
for 24 h (full term: 146 d). The ewes were sedated with intravenous 
sodium pentobarbital (total dose, 2–4 g) and anesthetized with 0.25% 
bupivacaine hydrochloride (4 ml) by a lumbar injection. The ewes 
were kept sedated but breathed spontaneously throughout the sur-
gery and the experiment. Under sterile conditions, the fetal lambs’ 
necks were delivered through a uterine incision. The fetus heads were 
placed immediately into a tight sterile pouch to prevent pulmonary 
ventilation. A median skin incision was made after a local infiltration 
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with lidocaine (2 ml, 1% solution) and analgesia by Nubain (Mylan, 
Canonsburg, Pennsylvania) 10 mg by subcutaneous injection. A 
polyvinyl catheter (20 G) was advanced into the superior vena cava 
through the jugular vein. Anesthesia of the fetal lamb was then per-
formed through this catheter with sufentanyl (infusion rate = 2µg/
min) and pancuronium (infusion rate = 400 µg/h). A polyurethane 
orotracheal cuffed tube (3.5 mm diameter) was introduced by oral 
intubation. Air leaks were carefully controlled and prevented by 
adapting the pressure of the cuff. The tracheal tube was occluded until 
the mechanical ventilation began. Special care was taken to maintain 
the body temperature of the lambs between 38 and 39 °C along the 
study period. The lambs were dried carefully before placing them in 
the head coil of the MRI. Warm and dry blankets were placed inside 
the head coil and covered the lambs. The blankets were changed regu-
larly during the experiments

Protocol
The ewe was placed on the examination table of the MRI system. The 
fetal lamb was extracted and placed in the head coil (quadrature coil, 
250 mm diameter, 270 mm length) in a head-first prone position. The 
umbilical cord was not clamped to maintain feto-placental circula-
tion during the period of installation in the head coil. The ewe lay 
in a supine position near the head coil to prevent any stretching of 
the umbilical cord. MR images were obtained with an open magnet 
0.2 Tesla MR scanner (Hitachi Medical Systems, Airis, Tokyo, Japan; 
maximum gradient strength 15 mT/m, slew rate 30 mT/m/ms gra-
dients). The tracheal tube was connected to a servo 900C respirator 
suitable for MRI (Siemens-Elema, Solna, Sweden). Ventilation was 
started for 120 min. The umbilical cord was clamped at 30 min after 
starting mechanical ventilation. MRI acquisition was then performed 
every 30 min.

Fast Spin Echo T2-weighted sequences (repetition time/echo time =  
2,938/100 ms, flip angle = 90 degree, echo train length = 18, NEX 
= 1, acquisition duration = 35 s, bandwidth = 34 kHz, field of view  
= 320 × 320 mm2, acquisition matrix = 128 × 256, 12 contiguous slices 
with 10 mm thickness) were used. This Fast Spin Echo sequence has 
two main characteristics: (i) it provides a signal proportional to the 
proton density. Hence, it facilitates a high visualization of both the 
amount of pulmonary liquid (high signal intensity) and of the lack of 
liquid when the lung fills up with air (low signal intensity) in a short 
time; and (ii) it is a relative black blood sequence, thus avoiding blood 
flow-related signal (9,10).

Concerning the MRI acquisition, images were obtained along 
three orthogonal directions (transaxial, coronal, and sagittal) at the 
beginning of experiments. Unfortunately, three orthogonal acquisi-
tion time is 3.5 min which is physiologically incompatible with an 
apnea every 30 min. Therefore, interval measurements were obtained 
in the sole coronal direction during 35 s apnea. Then, we calculated a 
correcting factor taken into account the ratio of pulmonary volume 
assessed by three orthogonal directions/pulmonary volume assessed 
by coronal direction only. Pulmonary volumes obtained by coronal 
direction were adjusted using this correcting factor which increase 
the accuracy of the lung volume measurement as previously described 
(11) (Figure 1). While unclamping the tracheal tube (T0), initial respi-
rator settings were set in a pressure controlled mode as follows: peak 
inspiratory pressure: 22 cm H20; positive end expiratory pressure: 
4 cm H20; inspiratory time: 0.5 s; and ventilatory rate: 40/min. The 
ventilatory rate and peak inspiratory pressure were adjusted as neces-
sary according to the protocol in (Table 1). FiO2 was set to maintain 
SpO2 between 92 and 98%. At 30 min from the onset of mechani-
cal ventilation (T30), and then every 30 min until T120, successive 
acquisitions were obtained during an expiratory apnea of 35 s by 
pushing the expiratory pause button on the ventilator. Thus, positive 
end expiratory pressure was maintained along the period of apnea in 
order to prevent lung derecrutment during expiratory pause. The MR 
sequences were configured in a dynamic mode. In that manner, the 
radio frequency gains, as well the emitter for the receiver amplifiers, 
remained unchanged during the whole 2 h experiment, and the image 
grey levels were comparable from one acquisition to another. The 
umbilical cord was clamped at T30. At the end of the experiment (t120), 
images were acquired along three orthogonal directions (Figure 1).

Additional physiological parameters were recorded. Tidal volume 
(Vt) and ventilatory pressures were continuously monitored with a 
flow and pressure transducer placed between the tracheal tube and 
the breathing circuit (pneumotachograph monitor 2100 Eurocare, 
West Yorkshire, UK) and stored in a computer (PhysioTrace software, 
CIC-IT 807, Lille, France). Static compliance of the respiratory system 
expressed per kilogram was calculated as the tidal volume divided by 
the difference between inspiratory plateau pressure obtained by push-
ing the inspiratory pause button on the ventilator for 5 s and the expi-
ratory pressure obtained by pushing the expiratory plateau pressure 
for 5 s (12,13). Blood samples were drawn for blood gas analysis every 
60 min (iSTAT system, ABBOTT, Chicago, IL).

Change in lung liquid content was assessed from MRI analyses as 
previously described (11). Briefly, image processing was performed 
by using specific imaging software (ArtiMED, University Lille2, Lille, 
France). Total pulmonary volumes representing gas + liquid volumes, 
were free-form contoured by a blinded investigator, while analyzing 
slices sequentially according to the successive acquisition times. The 
different regions of interest obtained at a given time on individual 
consecutive sections have been merged by a fuzzy logic data fusion 
algorithm to minimize the partial volume effects. Slices had a distance 
of 10 mm to avoid signal artifacts from the blood perfusion. From 
these contours and volumes, the following parameters were studied 
as a function of time: lung volume, lung liquid content and functional 
residual capacity, and lung liquid clearance. Pulmonary liquid content 
change was assessed by computing the change in the gray intensity of 
the signal in the contoured zones. Assuming that the content of the 
lungs is either liquid or air and that the lung is filled of liquid with no 
air at T0, pulmonary liquid density was considered as the ratio of the 
pulmonary liquid to lung volume. This method was previously found 
to be accurate at assessing change in lung volume and lung liquid con-
tent after birth (11).

Statistics
The statistical analysis was performed by an independent statistician 
using SPSS 2012 software (SPSS, Chicago, IL). Quantitative measure-
ments were expressed as the mean ± standard deviation. Data were 
analyzed using the Friedman test (Applied Nonparametric Statistics, 
2nd ed, Boston) when significant, subgroups were analyzed with the 
Wilcoxon test. Linear relationships were studied by the Spearman 
bidirectional test. Qualitative data are expressed as percentages. A P 
value < 0.05 was considered significant.

RESULTS
Birth weights were 2,450 ± 230 g, 3,450 ± 800 g, and 3,200 ± 650 g 
in the preterm, late preterm, and late preterm + steroids groups 
(P < 0.05), respectively.

Total Lung Volume and Lung Liquid
Total lung volumes measured by MRI were considered the lung 
liquid volume content at that time point (T0) and were 38 ± 4, 
42 ± 4, and 45 ± 5 ml/kg in the preterm, late preterm, and late 
preterm + steroids groups, respectively (P = 0.15). Total lung 
volume measured by MRI increased similarly from T0 to T120 
by 45% in each group (P < 0.05) (Figure 2). However, the lung 
volume expressed in kilogram was higher in the late preterm 
+ steroids group than in the preterm group at T30, T60, T90, 
and T120 (P < 0.05) (Figure 2). The lung liquid content did 
not change during the study period in the late preterm group, 
decreased by 55% in the late preterm + steroids group, and 
increased by 28% in the preterm group (P < 0.05) (Figure 2). 
FRC rose sharply in the late preterm + steroids group, reach-
ing a level more than fivefold that of the FRC in the preterm 
group at the 30th minute and at all subsequent time points  
(P < 0.001). Similarly, FRC creation was less important in the 
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late preterm compared to the late preterm + steroids group 
after 30 min of ventilation P < 0.05 (Figure 3).

Lung Function
After positioning the fetal lambs in the MRI head coil (intact 
cord), and just before starting mechanical ventilation, blood 
gases, lactate concentrations, SpO2 and heart rate were similar 
in the three groups (Table 2). FiO2, respiratory rate and peak 
inspiratory pressure were higher in the preterm group than 
in the two other groups (P < 0.05) (Table 2). PaO2/FiO2 was 
higher in the group late-preterm + steroids than in the two 
other groups (Table 2). Despite the increase in ventilator set-
tings, the arterial pH and PaO2 were lower, and the PaCO2 
and lactate concentrations were higher in the preterm group 
than in the two other groups after starting mechanical ventila-
tion (P < 0.05) (Table 2).

Respiratory Mechanics
Tidal volume increased during the study period in the late 
preterm group (P < 0.05), but did not change in the preterm 
and late preterm + GC groups (Figure 4). Static compliance 
of the respiratory system was higher in the late preterm + GC 
group than in the two other groups at all-time points (P < 0.05) 
(Figure 5). Static compliance of the respiratory system was 
lower in the preterm group than in the two other groups at all 
time points (P < 0.05) (Figure 5). Resistances of the respira-
tory system decreased steadily in the late preterm groups (P < 
0.05) (Figure 5). The resistances were lower in the late preterm 
groups than in the preterm group (P < 0.05) (Figure 5). Static 

compliance of the respiratory system was correlated with the 
gas volume of the lung and inversely correlated with the lung 
liquid content (P < 0.05) (Figure 6). Resistances of the respi-
ratory system were correlated with lung liquid content and 
inversely correlated with the gas volume of the lung (P < 0.05) 
(Figure 6).

DISCUSSION
Postnatal adaptation at birth requires the simultaneous liq-
uid clearance and aeration of the lungs (6). Mechanisms of 

Figure 1. An example of sequential magnetic resonance imaging on a coronal slice. Images (a) before the first breath; (b) 1 h; and (c) 2 h after starting 
ventilation. Liquid content within the lungs appears with a high signal before the first breath and decreases during ventilation throughout the study 
period.

a b c

table 1. Protocol for modifying the ventilator settings according to 
PaCO2 values

PaCO2 (mmHg) Ventilator settings

<25 Decrease RR by 10 and PIP by 5 cmH2O

25–35 Decrease PIP by 5 cmH2O or decrease RR by 10  
if PIP = 20 cmH2O

35–50 No modification

50–70 Increase RR by 20 or increase PIP by 5 cmH2O if RR = 80

>70 Increase RR by 20 and PIP by 5 cmH2O

PIP, peak inspiratory pressure; RR, respiratory rate, breath/min.

Figure 2. (a) Total lung volume increased in the three groups (P < 0.05). 
The upward trend was markedly higher in late preterm + steroids group 
(dotted line) than in preterm group (black solid line) and late preterm 
group (gray line). (b) Total lung fluid content did not change significantly 
in late preterm group (gray line) (§§P = 0.17). Total lung fluid content 
increased gradually by approximately 30% in preterm group (black solid 
line) and decreased in the late preterm + steroids group (dotted line). 
Results are expressed as mean ± SD. *P < 0.05 between preterm and late 
preterm + steroids groups. **P < 0.05 between late preterm and pre-
term groups. †P < 0.05 between late preterm and late preterm + steroids 
groups. §P < 0.05 changes in total lung fluid or total lung volume between 
the beginning of experiments and the end at 120 min.
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liquid shifts between lung lumen, interstitial space, lymphatic 
and blood vessels have been previously studied (4). Lung liq-
uid clearance is triggered during labor by the surge in fetal 
catecholamines and glucocorticoids which increase sodium 
channels expression and Na-K-ATPase activity. After birth, 
respiratory movements become the driver force of liquid clear-
ance (1,6). Thus alveolar liquid is cleared quickly after birth 

to the interstitium, before its resorption over the next hours 
through the lymphatic system and the pulmonary vessels. 
The increase in the pulmonary interstitial pressure after birth 
supports this phenomenon (14). During this time of transi-
tion at birth, the lungs and the chest wall have to expand to 
accommodate the increase in FRC and the interstitial liquid 
(6). The relative contribution of liquid clearance and increase 
in lung volume to the development of the FRC has not been 
fully studied. Immaturity and surfactant deficiency in the pre-
mature infant is associated with delayed lung liquid clearance 
and poor aeration of the lungs (15). We compared the changes 
in total lung volume and lung liquid content in very preterm 
and late-preterm lambs treated or not treated with antenatal 
steroids. We found that the FRC expansion mainly results 
from an increase in total lung volume rather than a decrease in 
lung liquid content in late preterm lambs within the first hours 
after birth. In the immature preterm lambs, lung liquid con-
tent increased markedly during early life. Antenatal steroids 
promote both early liquid clearance from the lungs and FRC 
elevation. Respiratory mechanics are highly correlated with 
lung liquid content.

The main findings in our study are the simultaneous and 
serial measurements of both lung liquid content and FRC 
using MRI and lung function measurements. Our results high-
light the major differences in the progression of liquid clear-
ance and FRC development according to gestational age and 
treatment with antenatal steroids. The newborn lambs have 
been investigated at two different lung maturational ages, 
corresponding to 26–28 and 34–36 wk of gestation in human 
beings (16). Surprisingly, in the more immature lambs, total 
lung liquid content rose rapidly after birth. As FRC creation 
results from postnatal lung expansion and liquid clearance, liq-
uid accumulation impedes FRC expansion. This phenomenon 

Figure 3. (a) Estimation of functional residual capacity (FRC) in preterm 
group. (b) Estimation of FRC in late preterm group. (c) Estimation of FRC 
in late preterm + steroids lambs. Dotted area represents FRC. Shaded area 
represents total lung liquid measured by MRI. FRC expansion is impaired 
in preterm lambs and to a lesser extent in late preterm lambs compared to 
late preterm group + steroids lambs. Volumes are expressed as ml/kg.
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table 2. Serial blood gases in preterm (n = 5), late preterm (n = 5), and late preterm + steroids (n = 6) newborn lambs before (T0) and 60 and 
120 min after starting mechanical ventilation (T60 and T120)

T0 T60 T120

Preterm Late preterm
Late preterm 

+ steroids Preterm Late preterm
Late preterm 

+ steroids Preterm Late preterm
Late preterm 

+ steroids

hr 175 ± 16 165 ± 17 161 ± 12 185 ± 22* 164 ± 15 160 ± 11 187 ± 18* 154 ± 14 149 ± 9

spo2  48 ± 12 55 ± 9  53 ± 12 85 ± 17* 94 ± 5 95 ± 3 78 ± 19* 94 ± 3 94 ± 2

Fio2 – – – 100 ± 0* 36 ± 8 25 ± 4 100 ± 0* 26 ± 3 21 ± 0

rr – – – 60 ± 5* 40 ± 4 40 ± 3 80 ± 5* 40 ± 3 30 ± 5

PiP – – – 28 ± 5* 24 ± 3 25 ± 4 32 ± 5* 22 ± 3 20 ± 3

Vt – – – 4 ± 1* 7 ± 2 11 ± 4 6 ± 2* 11 ± 3 12 ± 4

Ph 7.32 ± 0.1  7.35 ± 0.02  7.36 ± 0.03 7.11 ± 0.1* 7.35 ± 0.06 7.43 ± 0.08 7.15 ± 0.2* 7.32 ± 0.06 7.39 ± 0.06

Pao2 20 ± 7 23 ± 4 21 ± 3 35 ± 20 46 ± 6 44 ± 5 29 ± 17 42 ± 8 44 ± 5

Paco2 51 ± 7 52 ± 6 51 ± 6 89 ± 25* 45 ± 6 39 ± 10 75 ± 33* 47 ± 9 47 ± 12

Bicarb 21 ± 4 24 ± 6 25 ± 5 25 ± 9 22 ± 4 23 ± 4 24 ± 8 24 ± 4 25 ± 5

Po2/Fio2 – – – 0.3 ± 0.2* 1.3 ± 0.4* 1.8 ± 0.3 0.3 ± 0.2* 1.6 ± 0.3* 2.1 ± 0.2

lactate  2.2 ± 0.8 1.8 ± 0.5  1.9 ± 0.7 4.2 ± 2.1* 2.1 ± 0.9 1.8 ± 0.7 6.4 ± 3.4* 1.7 ± 0.6 1.9 ± 0.5

HR, heart rate in beats/min; spO
2
, transcutaneous O

2
 saturation in %; FiO

2
, fraction of inspiratory O

2
 in %; RR, Respiratory Rate in breath/min; PIP, Peak Inspiratory Pressure in cmH2O; Vt, 

tidal volume in ml/kg; PaO
2
 and PaCO

2
 expressed in mmHg; Bicarb, bicarbonate concentration in mmol/l; lactate, blood lactate concentration in mmol/l. Values are the means ± sD.

*P < 0.05 compared to the other groups at each time point.
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explains at least in part the impaired lung function and respi-
ratory mechanics. Pulmonary liquid rise could be explained 
mainly by the pulmonary edema secondary to respiratory 
failure. Severe hypoxia may increase lung vascular filtration 
pressure and thereby promote trans-vascular fluid filtration. 
Furthermore, impaired lung function and respiratory mechan-
ics required high ventilator pressures and FiO2. The resulting 
parenchymal barotrauma and oxidative stress-induced lung 
injury may have in turn enhanced the vascular leak and pro-
moted lung liquid accumulation. Previous study reported that 
the extravascular lung liquid content measured by the labeled 
indicator dilution method was twofold higher in preterm 
than late preterm lambs mechanically ventilated for 3 h (15). 
Similarly, the pulmonary lymph flow is twice as high in pre-
term compared to term lambs, suggesting an increase in lung 
vascular permeability (17). Our findings are in accordance with 
these studies, and provide additional information on the kinet-
ics of the events. Several other mechanisms may contribute to 
the early rise in lung liquid content in preterm lambs. Mainly 
the decrease of the expression of sodium channels, Na,K-
ATPase activity, as well as surfactant synthesis in immature 
lung (18–20). Moreover, these mechanisms are more deficient 
in case of cesarean prior labor (4,21). In addition, the severe 
hypoxic respiratory failure may elevate pulmonary vascular 
resistances, increasing filtration pressure, interstitial fluid con-
tent and lymph flow (22). However, previous studies reported 
a reduction of the extravascular lung liquid content in some 
experimental preterm models (15,20). It is noteworthy that 
the degree of prematurity as evidenced by the severity of the 
hypoxic respiratory failure was far much greater in our experi-
mental model of preterm lambs (122–124 d gestation) than the 
previous studies. Otherwise, this apparent discrepancy might 

reflect species differences (rabbits vs. lambs), differences in 
experimental design (spontaneous breathing vs. mechanical 
ventilation while anesthetized and paralyzed), or method-
ological differences (gravimetric assay vs. MRI). Respiratory 
failure, atelectasis, lung edema, and pulmonary vasoconstric-
tion may increase the MRI signal in area with low blood flow 
velocities that may contribute to a slight overestimation of lung 
fluid content. Besides, MRI cannot differentiate intraluminal 
liquid from interstitial and pleural fluid.

In late preterm lambs, the amount of lung liquid did not 
change during the first 2 h after birth, although the total lung 
volume increased steadily during this period. These find-
ings indicate that FRC results mainly from progressive lung 
expansion rather than liquid clearance. Previous studies using 
phase-contrast x-ray imaging in newborn rabbits determined 
that respiratory movements change transpulmonary pressure, 
which moves the alveolar lung liquid to the interstitial tissue 
(4–6). Antenatal steroids significantly modified the evolution 
of lung liquid clearance in the late preterm lambs. The total 
amount of lung liquid decreased as early as 30 min after start-
ing ventilation and dropped by 50% at 120 min. Thus, antenatal 
steroids accelerate FRC expansion through both an increase 
in lung volume and liquid removal. These results suggest that 
the lungs are still immature in the late preterm lambs with a 
relative deficiency of surfactant and sodium channels protein 
expression. Recent clinical trial in human being highlighted 

Figure 4. Tidal volume (Vt, ml/kg) changes after starting ventilation in 
Preterm group (black solid line), late preterm group (gray line), and late 
preterm + steroids group (dotted line). Vt was higher in late preterm lambs 
+ steroids than in preterm and late preterm lambs. Results are expressed 
as mean ± SD. *P < 0.05 between the preterm and late preterm lambs + 
steroids groups.
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the higher risk of respiratory morbidities in late preterm new-
born not treated prenatally by steroids comparing to the treated 
group (23). Elective cesarean section before labor may have 
further delayed lung liquid clearance and impaired respiratory 
mechanics. The incidence of respiratory failure is increased by 
10-fold in cases of elective caesarian section before 38 wk com-
pared to vaginal delivery after 39 wk (24), supporting the role 
of labor in lung liquid clearance and lung function at birth. 
Antenatal steroids reduce the risk of respiratory failure in this 
condition (25). Our results provide additional information 
about this mechanism by showing that elective cesarean sec-
tion before labor alters the kinetics of lung liquid clearance, 
respiratory mechanics and FRC creation, which can be pre-
vented at least in part by antenatal steroids.

Our results show that both lung liquid content and FRC play 
a major role in respiratory functions and mechanics. In partic-
ular, compliance of the respiratory system increases with FRC. 
A similar association has been reported previously in preterm 
lambs (26). We further show that compliance of the respiratory 
system is also dependent on the total amount of liquid remain-
ing within the lung. A similar relationship was found between 
lung liquid content and FRC and resistances of the respiratory 
system. Resistances are related to the diameter of the airways 
(airway resistance) and to the tissue resistance, which account 
for about 40% of total resistance in newborns owing to higher 
parenchymal density. Tissue resistances depend on the friction 

forces that occur between the gas stream and the respiratory 
system and on the viscosity of the lung parenchyma (27). As 
the viscosity of the liquid is considerably higher than air, tis-
sue resistance is related to lung liquid content (5). Our find-
ings provide additional evidence that lung liquid clearance 
play a role in the change in resistance of the respiratory system 
after birth. Although the lung liquid content influences gas 
exchange, oxygenation, and carbon dioxide exchange can be 
sustained even when the lung liquid content is still elevated, 
as we observed in late preterm group, and in previous reports 
(26). It is likely that effective gas exchange starts as soon as 
part of the airspaces is cleared, even though the liquid is stored 
within the lung interstitium.

Several methods were used to study lung liquid clearance. 
MRI has the advantage to be able to perform simultaneous and 
serial assessment of both of liquid content and gas volume. In 
vitro studies found MRI accurate to assess lung liquid content. 
An excellent agreement between MRI assessment of lung liquid 
and gravimetric wet/dry ratio has been found in piglet lungs, 
with correlation factor of 0.99, and an average mean error of 
1.8% (28–31). In vivo studies confirmed the accuracy of MRI 
measurement of lung fluid (32). A correlation coefficient of 0.91 
between the MRI and gravimetric measurements was found in a 
rat model, the average mean error being around 10% (32). This 
good correlation was confirmed in numerous other experimen-
tal studies. In a model of oleic acid-induced lung injury in dogs, 

Figure 6. Correlation between total lung volume and total lung fluid content and both compliance and resistance of the respiratory system. (a) 
Static compliance was inversely correlated to the total lung fluid (P = 0.024, r = 0.226). (b) Static compliance was directly correlated to lung gas volume 
(P = 0.023, r = 0.288). Inversely, (c) the resistance of the respiratory system was directly correlated to the total lung fluid (P < 0.001, r = 0.47), (d) whereas 
the relation with the lung gas volume was negative (P < 0.001, r = 0.61).
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MRI was found sensitive enough to measure slight changes in 
lung liquid and to assess the time course of the edema formation 
(33). In rats with experimental ventilator-induced lung injury, 
the degree of liquid accumulation could be quantified by MRI 
(34). Furthermore, in human being, MRI has been used also to 
estimate lung water content in preterm infants with or with-
out bronchopulmonary dysplasia (35,36) or in patients with 
cystic fibrosis (37). It is noteworthy to outline that most other 
methods showed equivalent or less significant correlation. For 
instance, indicator dilution method overestimates lung fluid 
content by 10–15%, whereas Positron Emission Tomography 
underestimates lung fluid content by 10–15% (38).

Our study has some limitations. MRI requires cesarean sec-
tion and paralysis of the lambs to ensure careful positioning 
in the head coil before the first breath. The umbilical cord 
was kept intact during this procedure and the first 30 min of 
ventilation to prevent hypoxia. Moreover, prolonged apnea is 
needed during the imaging acquisition. These technical limi-
tations may impact liquid clearance as previously reported 
(18,39,40). They preclude exploration of lung liquid clearance 
at birth in more physiological conditions such as vaginal deliv-
ery and spontaneous breathing. Otherwise, MRI technique 
might slightly overestimate lung liquid content because of a 
possible residual signal of the dry lungs and the blood in small 
vessels. Although the MRI signal used in the present study is 
roughly proportional to the proton density and therefore water 
content, the lung parenchyma which contains few concentra-
tions of fat and other hydrogen-bound complexes may not be 
completely “black” on MRI leading to a slight overestimation 
of the lung water content. Besides, its effectiveness in suppress-
ing blood signal has been assessed in large vessels where blood 
flow velocity is elevated. We cannot exclude that this velocity-
sensitive sequence might fail to remove the residual slow-flow 
blood signal induced within the smaller vessels. However, in 
a previous study (11), as well as in the present study, the lung 
signal intensity can decrease by a factor 10, indicating that the 
eventual residual blood flow signal contributes to less than 
10% of the lung signal. Similar results were reported in normal 
human lung. In this study, the lung signal intensity was similar 
to the background noise when the echo time was greater than 
2.5 ms, which is the case in our MRI sequence (9). In another 
experimental study in dogs, the signal intensity was not cor-
related to pulmonary blood flow measured by microsphere 
technique (33). Additionally, MRI cannot differentiate delayed 
liquid clearance from lung injury-induced water accumulation 
through atelectasis or inflammation. Indeed, the size of the 
voxel is too large to determine the location of liquid within the 
lung parenchyma, i.e., intra- or extraluminal. In the same way, 
the signal of an area of atelectasis is related to its water content 
and not to the atelectasis itself. Finally, additional experiments 
should be done to understand the mechanisms by which MRI 
signal intensity increased with time in the preterm lambs.

CONCLUSION AND PERSPECTIVES
Transition at birth requires rapid FRC creation. FRC expansion 
results from the simultaneous expansion of the lung and lung 

liquid clearance. In the case of delayed liquid clearance, lung 
aeration depends mainly on an increase in lung volume. In the 
most immature lung, surfactant deficiency and lung injury are 
associated with liquid accumulation within the lung, limiting 
FRC creation. This phenomenon clearly contributes to poor 
lung function and respiratory mechanics. Alternatively, antena-
tal steroids can promote FRC creation at birth through a com-
bination of accelerated lung liquid removal and lung expansion. 
The MRI technique still limited actually requiring non physi-
ological conditions. Nevertheless, it seems very promising for 
the repeated evaluation of lung functions in the future.
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