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Background: A new technique was proposed to admin-
ister surfactant to spontaneous breathing preterm infants by 
placing a thin catheter through the vocal cords. This technique 
was not studied with respect to oxygenation, gas exchange, 
surfactant distribution, and lung mechanics. We tested the 
technique of less-invasive surfactant administration (LISA) in a 
spontaneous breathing preterm lamb model.
Methods: Preterm lambs (n = 12) of 133–134 d gestational 
age were randomized to the following three groups: (i) con-
tinuous positive airway pressure (CPAP) only, (ii) CPAP + LISA, 
and (iii) intubation and mechanical ventilation with surfactant 
administration. Surfactant was labeled with samarium oxide. 
During the next 180 min, blood gas analyses were performed. 
Postmortem, lungs were removed and surfactant distribution 
was assessed, and pressure–volume curves were performed.
results: Pao

2
 in the LISA-treated lambs was significantly 

higher than in the lambs that exclusively received CPAP. 
Moreover, Pao

2
 values were similar between the LISA-treated 

and the intubated lambs. Overall, surfactant deposition was 
less in the LISA lambs, with significantly less surfactant distrib-
uted to the right upper lobe. Lung compliance was better in 
the intubated lambs compared with the LISA-treated lambs, 
although this did not reach significance.
conclusion: LISA improved oxygenation, similar to con-
ventional surfactant application techniques, despite lower sur-
factant deposition and lung compliance.

in the past decades, preterm infants have been treated with 
surfactant bolus replacement therapy for respiratory distress 

syndrome, which usually requires intubation and mechanical 
ventilation. Surfactant treatment in ventilated infants leads to 
a relative reduction in bronchopulmonary dysplasia, pneumo-
thorax, and mortality (1,2). Randomized trials indicated that 
early surfactant therapy compared to delayed rescue surfactant 
treatment resulted in better respiratory and neurologic out-
comes in preterm infants (3).

Early surfactant treatment has therefore been combined 
with intubation and mechanical ventilation. Intubation of the 
trachea may lead to laryngeal or tracheal injury and requires 
premedication, which can delay the time to extubation. In addi-
tion, mechanical ventilation can damage the vulnerable preterm 
lungs. It has been hypothesized that avoidance of mechanical 
ventilation might lead to less bronchopulmonary dysplasia (4,5), 
as infants that failed initial continuous positive airway pressure 
(CPAP) therapy and needed subsequent mechanical ventilation 
showed higher bronchopulmonary dysplasia rates (6).

In order to avoid the negative effects of mechanical ventila-
tion, a new technique was recently introduced to administer 
surfactant endotracheally to spontaneously breathing preterm 
infants by placing a small feeding or arterial catheter through 
the vocal cords (7,8). This technique proved to be feasible 
in clinical practice with first attempt success rate above 80% 
(8–10). This technique was referred to as minimally invasive 
surfactant therapy (8) or less-invasive surfactant administra-
tion (LISA) (9). In a multicenter randomized controlled trial, 
LISA led to a reduction in the need for mechanical ventila-
tion (11). Moreover, a single-center trial showed a reduction in 
bronchopulmonary dysplasia rates (10). We will further refer 
to this technique in this study as LISA.

The effects of classical surfactant bolus therapy on oxygenation, 
gas exchange, and pulmonary surfactant distribution have been 
studied extensively in experimental setups (12–14). However, 
this new less-invasive technique has not been studied in animal 
models. As lung development in fetal and preterm sheep has the 
same course as in humans, we used the preterm sheep model to 
study the effects of LISA on oxygenation, gas exchange, pulmo-
nary surfactant distribution, and lung mechanics.

RESULTS
Basic Characteristics and Oxygenation
All lambs survived the duration of the experiment (180 min). 
Heart rate and blood pressure remained within normal values. 
Basic characteristics are shown in Table 1.
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The intubated lambs showed a swift increase in Pao2 val-

ues shortly after intubation and surfactant administration 
(Figure 1). A similar but slower increase in Pao2 was observed 
in lambs that received LISA (Figure 1). Only at t = 30 min, 
Pao2 values were significantly higher in the intubated lambs 
compared with the lambs that received LISA (437.0 ± 60.8 
vs. 197.5 ± 173.8 mmHg). When analyzing the spontaneously 
breathing lambs, Pao2 was significantly higher in the lambs 
that received LISA than in the lambs that only received CPAP 
at t = 150 and t = 180 min (355.0 ± 114.7 vs. 122.7 ± 46.3 mmHg 
and 322.7 ± 91.0 vs. 108.0 ± 52.9 mmHg, respectively).

In addition, the oxygenation index (OI = FiO2 × mean air-
way pressure/Pao2) was calculated. Over all time points, the OI 
was similar between the intubated lambs and the lambs that 
received LISA (5.0 ± 2.1 vs. 5.1 ± 4.2) (Figure 2). At t = 10, t = 
30, and t = 180 min, OI was significantly higher in the lambs 
that received exclusively CPAP compared with the lambs that 
received surfactant.

Gas Exchange
When studying mean Paco2 over all time points, we found no 
significant differences in Paco2 between the groups (P = 0.16; 
data not shown).

Surfactant Deposition
Total surfactant deposition in the lungs was higher in the 
lambs that were intubated than in the lambs that received LISA 
treatment. The amount of the surfactant found in the lungs of 
the lambs that received LISA was only 17.4 ± 0.8% compared to 
the amount of surfactant found in the lungs of the lambs that 
were intubated (P < 0.05).

Furthermore, exogenous surfactant distribution within each 
lung lobe was assessed. Surfactant distribution was similar for 
both the LISA-treated lambs and intubated lambs except for 
the right upper lobe. In this lobe, less exogenous surfactant 
was distributed in the LISA-treated lambs compared with the 
intubated and mechanically ventilated lambs (0.35 ± 0.14 vs. 
1.16 ± 0.87; P < 0.05) (Figure 3).

Also, the amount of surfactant in the stomach of LISA-
treated lambs was assessed. The amount of labeled surfactant 
in the stomach was invariably low (1.1 ± 1.9 mg).

Lung Compliance
Lung compliance was assessed in the lambs that received sur-
factant with pressure–volume curves. Lung gas volumes were 
lower in the lambs that received LISA compared with the intu-
bated lambs, although this did not reach significant difference 
(Figure 4) (P > 0.23).

DISCUSSION
The techniques of LISA to spontaneous breathing infants were 
introduced into the clinical practice without experimental 
evaluation (8,9,11). To our knowledge, this is the first study to 
investigate oxygenation, gas exchange, pulmonary surfactant 
distribution, and lung compliance in preterm lambs that either 
exclusively received CPAP, received LISA or were intubated 
and mechanically ventilated with surfactant administration.

Our findings show that Pao2 values in spontaneously breath-
ing lambs that received LISA were significantly higher than in 

table 1. Mean birth weight (g) and umbilical pH at birth for three 
different intervention groups

CPAP LISA
Intubation + 
surfactant P value

n 3 4 5

Birth weight (g) 1,556 ± 338 1,920 ± 158 1,892 ± 1,062 0.51

Umbilical pH 7.30 ± 0.07 7.22 ± 0.08 7.17 ± 0.13 0.17

Results are represented as mean with SD.
CPAP, continuous positive airway pressure; LISA, less-invasive surfactant administration.

Figure 1. Mean Pao2 (mmHg) in time (minutes) for three different inter-
vention groups. All values are represented as mean with SD. CPAP (filled 
circles), LISA (filled squares), intubation and surfactant (filled triangles). 
* Significant difference in Pao2 between the CPAP and LISA group (P 
< 0.05). CPAP, continuous positive airway pressure; LISA, less-invasive 
 surfactant administration.
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Figure 2. Oxygenation index (OI) for the three different interven-
tion groups. All values are represented as mean with SD. CPAP (filled 
circles), LISA (filled squares), intubation and surfactant (filled triangles). 
* Significant difference between CPAP group and LISA and intubated 
group respectively (P < 0.05). CPAP, continuous positive airway pressure; 
LISA, less-invasive surfactant administration.
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lambs that received only CPAP and were not significantly dif-
ferent from Pao2 values in intubated and mechanically venti-
lated lambs. This indicates that surfactant administration by 
LISA improves oxygenation. Moreover, oxygenation in lambs 
receiving LISA is similar to the oxygenation in lambs that were 
intubated and mechanically ventilated and received surfactant.

However, Pao2 values increased faster in the intubated and 
mechanically ventilated lambs compared with the lambs that 
underwent LISA. The swift rise in Pao2 values in mechanically 
ventilated lambs might have been caused by the higher mean 
airway pressure provided by mechanical ventilation compared 
to CPAP (19.5 ± 1.6 vs. 8.0 ± 0.0 cmH2O; P < 0.01). The higher 
mean airway pressure of intubated lambs induces immedi-
ate recruitment of lung alveoli and an increase of functional 
residual capacity, which leads to a better oxygenation. Indeed, 
the OI, which inherently corrects for mean airway pressure, 
displayed no differences between the intubated lambs and the 
lambs that received LISA.

It was striking that the surfactant deposition was signifi-
cantly lower in the lambs that received LISA compared with 
the intubated lambs. The exact cause of the lower surfactant 
deposition with the LISA approach is yet unknown to us. It 
might have been caused by reflux of surfactant, which was 
observed in some lambs that received LISA. Reflux of surfac-
tant was observed in the clinical studies as well and may be 
dependent of the time that is taken for the surfactant adminis-
tration. As we administered the surfactant rather expeditious 
(approximately within 1 min), this may have led to a reflux 
of surfactant. However, only low amounts of surfactant were 
recovered from the stomachs of the lambs that received LISA.

The lower deposition of surfactant may be explained by the 
fact that when surfactant is administered with LISA, a signifi-
cant part of the surfactant adheres to the gastric tube, the large 
airways, and—in case of reflux of surfactant—the esophagus.

Evidence for this explanation is provided by Luca et al. 
(15). Luca et al. showed that the administration of surfac-
tant through a feeding tube is inferior to the administration 

through an endotracheal tube because 11% of the adminis-
tered surfactant adhered to the feeding tube (15). However, 
this only partially explains the lower surfactant deposition in 
the lambs that underwent LISA procedure. Future studies may 
also focus on the assessment of surfactant deposition in the 
larger airways and esophagus.

These findings may be used for future adjustments of the dos-
ing of surfactant in LISA-treated infants. Indeed, this concept 
is supported by a clinical study of Dargaville et al. (8) where 
none of the infants that received surfactant at a higher dose 
(200 mg/kg) failed subsequent CPAP therapy. It is a surprising 
result that, despite lower deposition of surfactant in the lungs, 
oxygenation was similar between the lambs that received LISA 
and the intubated lambs. This may be caused by the fact that 
in spontaneous breathing animals, exogenous surfactant has a 
higher tissue association and leads to a higher dynamic lung 
compliance compared to the ventilated animals, as was shown 
in a rabbit model by Bohlin et al. (16).

The distribution of endotracheally administered surfac-
tant in mechanically ventilated animals has been studied by 
numerous groups (17–19). The different lung lobes develop in 
a different sequential pattern with the most advanced devel-
oped parts of the lungs being the right and left upper lobes 
(20,21). We were therefore interested in the comparison of the 
distribution between the lobes in spontaneously breathing vs. 
intubated and mechanically ventilated animals. Compared to 
the intubated lambs, less surfactant was allocated to the right 
upper lobe of the LISA-treated lambs. As, by the use of LISA, 
less surfactant is allocated in proportion to the more mature 
right upper lobe, pulmonary distribution of exogenous surfac-
tant may take place in a more physiologic fashion. This may 
explain why, despite lower surfactant deposition, the effect on 
oxygenation and gas exchange of both surfactant application 
techniques was similar.

Furthermore, in the ventilated lambs that received sur-
factant, the lungs showed higher compliance than the lungs 
of the lambs treated with LISA. However, this did not reach 

Figure 3. Lobar distribution of exogenous surfactant after less-invasive 
surfactant administration (LISA) and intubation, surfactant administra-
tion, and ventilation. All values are normalized values of surfactant and 
expressed as means and SD. LISA: white columns; intubation and surfac-
tant: black columns. *P < 0.05. LLL, left lower lobe; LUL, left upper lobe; 
RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe.
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Figure 4. Pressure–volume curve of lambs that received less-invasive 
surfactant administration (LISA; rounds) and lambs that were intubated 
and received surfactant (blocks). Results are represented as means and SD. 
Intubation and surfactant (filled squares) and LISA (filled circles).
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statistical significance. This might have been caused by higher 
mean airway pressure or the higher levels of deposited exog-
enous surfactant in intubated and ventilated lambs. However, 
the higher compliance in intubated lambs did not lead to bet-
ter oxygenation. In our opinion, the most clinically relevant 
endpoint is oxygenation, since preterm infants who fail CPAP 
therapy show worse oxygenation during the first hours after 
birth (6,22).

There are several limitations to this study. At first, as stated 
above, the number of investigated animals was low. A second 
limitation of the study is the applicability of the experience in 
preterm lambs to the situation in preterm babies on account 
of anatomical limitations. The trachea in lambs is longer than 
in preterm babies resulting in more pressure loss. After birth, 
we supported the lambs with nasal intermittent positive pres-
sure ventilation, as CPAP only was not sufficient. Therefore, 
we used a standardized nasal intermittent positive pressure 
ventilation approach as resuscitation/stabilization approach. 
This approach is not in accordance with the standard clinical 
scenario, where stabilization usually occurs with CPAP only.

In conclusion, we demonstrated in preterm lambs that LISA 
was feasible and improved oxygenation in comparison to stan-
dard CPAP support after birth. When comparing the intu-
bated and mechanically ventilated lambs receiving standard 
surfactant administration to the spontaneous breathing lambs 
receiving LISA, there were no differences in oxygenation and 
gas exchange, despite lower pulmonary surfactant deposition 
and lung compliance in LISA-treated lambs.

METHODS
Experimental Protocol
The experimental protocol and design of the study were in line 
with the institutional guidelines for animal experiments and were 
approved by the Institutional Animal Ethics Research Committee 
of the Maastricht University. Singleton lambs of time-mated Texel 
ewes were delivered by Caesarean section under spinal anesthesia 
and midazolam sedation at 133–134 d gestational age (term = 147 d  
gestational age). Directly after birth, the preterm lambs were stabi-
lized with nasal intermittent positive pressure ventilation using a 
Babylog 8000 ventilator (Dräger, Lübeck, Germany). We followed a 
standardized protocol, which was described earlier (PIP 30 cmH2O, 
positive end-expiratory pressure (PEEP) 8 cmH2O, respiratory rate 
60/min, fraction of inspired oxygen (FiO2) = 1.0 (23). All lambs 
received umbilical arterial and venous catheters. All lambs received 
parenteral feeding during the experiment. Rectal temperature, heart 
rate, and blood pressure were continuously monitored.

The lambs were randomly assigned to three treatment groups after 
5 min of nasal intermittent positive pressure ventilation. In all groups, 
FiO2 remained 1.0 during the entire experiment:

1. CPAP group: CPAP with PEEP of 8 cmH2O without surfactant 
administration (n = 3).

2. LISA group: CPAP with PEEP 8 cmH2O with endotracheal less-
invasive administration of surfactant (Poractant α, 200 mg/kg) 
through a gastric catheter (n = 4). The surfactant was a gift 
from Chiesi Pharmaceuticals (Parma, Italy). The procedure of 
LISA was the following. A 6 French gauge feeding tube (Vygon, 
Swindon, UK) was inserted 3 cm beyond the vocal cords with 
direct laryngoscopy. After 30 s without bradycardia, surfactant 
instillation was started. The surfactant was administered with 
direct observation of the position of the catheter or potential 
reflux of surfactant. When reflux or bradycardia was observed, 
the procedure was interrupted. Surfactant was administered 

within 1 min. Hereafter, the gastric tube was immediately 
removed. CPAP support was not disrupted during the whole 
procedure.

3. Intubation and surfactant group: intubation and mechani-
cal ventilation with endotracheal administration of surfac-
tant through the endotracheal tube (Vygon, 3.5 mm cuffed; 
Poractant α, 200 mg/kg) (n = 5). Initial ventilator settings for 
mechanical ventilation were: peak inspiratory pressure of 30 
cmH20, PEEP of 8 cmH2O, inspiratory time of 0.4 s, and fre-
quency of 60/min. Peak inspiratory pressure was adjusted in 
order to achieve tidal volumes 5–10 ml/kg and a target pCO2 of 
50 mmHg. The ventilated lambs were sedated with midazolam 
(0.3 mg/kg/h) and fentanyl (5 µg/kg/h).

The surfactant was labeled with samarium oxide (Sm2O3), which 
is a nonradioactive tracer. The batches contained 1.0-µg Sm2O3/mg 
surfactant.

In the next 180 min, blood gas analyses through the umbili-
cal arterial catheter were performed 10 and 30 min after birth 
and  subsequently at 30-min intervals (Abott i-STAT 1 Blood Gas 
Analyzer; Abbott Laboratories, Chicago, IL). Hereafter, the lambs 
were  euthanized by pentobarbital infusion (200 mg/kg).

Postmortem Analysis
After euthanasia, the lambs were disconnected from the ventilator. 
From the lambs that received surfactant, the thorax was opened by a 
midline incision as previously described (24). An endotracheal tube 
was inserted when necessary and connected to a manometer. A defla-
tion limb of a pressure–volume curve was recorded with a maximum 
pressure of 40 cmH2O. All lung volumes are expressed as milliliters 
per kilogram body weight.

All five lung lobes were isolated, weighed, and used for the analysis 
of surfactant distribution by quantification of Sm2O3. For that means, 
the frozen lung tissues were further processed (freeze dried, ashed, 
and digested with a combination of hydrochloric acid, nitric acid, and 
water) and afterward analyzed by inductively coupled plasma mass 
spectrometry with a XSERIES II ICP MS (Thermo Fisher Scientific, 
Breda, The Netherlands) (23). Stomach contents were analyzed for the 
presence of exogenous surfactant as well.

Pulmonary surfactant concentration was defined as Sm2O3 weight 
per lung lobe weight and was measured in each lung lobe. Pulmonary 
surfactant deposition in each lung lobe was expressed as normalized 
value as was earlier performed by Dijk et al. (17). The normalized 
value was calculated by dividing the weight of Sm2O3 per gram of tis-
sue for each lung piece by the average value of Sm2O3 per gram of tis-
sue of all the lung pieces for each lamb (mean Sm2O3 concentration).

Statistical Analysis
Statistical analysis was performed with IBM SPSS for Windows ver-
sion 20.0 (IBM, Armonk, NY). Results were analyzed with one-way 
ANOVA, with post hoc testing for differences between each group. 
Results are represented with mean and SD.
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