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Abstract
Objective: To provide detailed information on the time necessary to perform an open 
lung recruitment procedure during high frequency ventilation. And, to analyze if the 
level of experience of the individual who performs the open lung procedure, reduces its 
duration. 

Design: Prospective cohort study during two consecutive periods.

Setting: Level III NICU at an academic hospital.

Patients: Preterm infants with respiratory distress syndrome.

Intervention: The strictly protocolized open lung ventilation procedure guided by 
oxygenation was performed by attending clinicians in the first cohort and 2 selected 
physicians in the second cohort.

Main outcome measures: Data on the duration of recruitment, de-recruitment and re-
opening stages of the open lung procedure were compared in both cohorts. 

Results: The total duration of the open lung procedure differed significantly between 
the first and the second period with a median of 49 [35-65] and 34 [30 - 43.5] minutes 
respectively. The recruitment stage takes most time with median 21 [15-35] and 19 [15.8 - 
23.5] minutes in period 01 and 02 respectively. 

Conclusion: The course of the open lung ventilation strategy is time consuming but  can 
be shortened by transferring the responsibility of ventilation management to a selective 
group of trained professionals.
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Introduction
Despite the increasing use of non-invasive modes of respiratory support, such as nasal 
continuous positive airway pressure (nCPAP), in the management of the respiratory 
distress syndrome (RDS) in preterm infants, mechanical ventilation is still often needed.
(1) Although often lifesaving, mechanical ventilation can also cause secondary lung 
damage, a process often referred to as ventilator induced lung injury (VILI).(2) Both 
animal and human studies have suggested that high frequency oscillatory ventilation 
(HFOV) attenuates VILI, but only if combined with an individualized open lung ventilation 
(OLV) strategy.(3-4) OLV aims to recruit atelectatic lung regions and stabilize the recruited 
alveoli/saculli at the lowest possible airway pressure, which can be achieved using 
different approaches.(5) Its final goal is to optimize lung volume and place ventilation 
on the more compliant deflation limb of the pressure-volume (P-V) curve of the lung.(6) 
In high-frequency ventilated preterm infants with RDS, oxygenation is the most widely 
used tool to guide the process of bedside lung recruitment. By taking small incremental 
and decremental pressure steps, lung recruitment is individualized thereby minimizing 
the risk of lung overdistention. The physiological principles and feasibility of such a 
individualized recruitment procedure in preterm infants with RDS has recently been 
described.(7-8)
Although it is evident that open lung HFOV is more time consuming than conventional 
ventilation, actual data on timing are currently lacking. Furthermore, it is unknown if 
the necessary time to perform a lung recruitment procedure is dependent on the level 
of experience of the health care professional responsible for neonatal ventilation. This 
information is important when determining the best approach and necessary resources 
to apply open lung HFOV in preterm infants in daily clinical practice.
The aim of the present study was therefore to provide detailed information on the time 
necessary to perform an open lung recruitment procedure during HFOV in preterm infants 
with RDS. Data were collected during a first period during which all attending physicians 
were responsible for ventilator care and a second period when this responsibility was 
transferred to a selected group of physicians. We hypothesized that more experience in 
performing the OLV procedure would reduce its duration.

Methods
This cohort study was approved by the Institutional Review Board at the Academic 
Medical Center of Amsterdam.
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Patients

Patients were recruited from two databases containing prospectively collected data on 
an oxygenation guided OLV procedure during HFOV in preterm infants with RDS in the 
Emma Children’s Hospital, Academic Medical Center (Amsterdam, the Netherlands). In 
the first database data on ventilation pressures, oxygenation, and timing were collected 
in 103 preterm infants born between January 2004 and July 2005 (period 1).(7) In this 
time period the OLV procedure was performed by all attending neonatologists and 
fellows(n=16). The second database contained similar data collected in 30 preterm 
infants born between April 2009 and May 2011 (period 2), but in this time period lung 
recruitment was only performed by 2 physicians as part of an observational study of 
electrical impedance tomography in ventilated preterm infants.
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Figure 1: Schematic outline over time of the CDP & SpO2 (left) and FIO2 (right) during the 3 stages 
of the open lung ventilation procedure. CDP (cm H2O) (continuous distending pressure), SpO2 (%) 
(transcutaneous pulseoximeter oxygen saturation), FIO2 (fraction inspired oxygen) and OLV (open lung 
ventilation).

OLV procedure
Figure 1 is a schematic illustration of the temporal changes of the continuous distending 
pressure(CDP) and the fraction of inspired oxygen(FIO2) during the OLV procedure. At 
the start of the procedure (recruitment stage) the CDP was set at 6–8 cm H2O (CDPst) 
and the FIO2 was adjusted in such a way that the SpO2 was within the target ranges of 
86-94%. The CDP was increased in steps of 2 cm H2O and, in case of an improvement 
in oxygenation, the FiO2 was stepwise (5-10%) reduced. The recruitment procedure was 
stopped if the FiO2 was ≤ 0.25 or if oxygenation no longer improved during 3 consecutive 
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pressure steps. The corresponding CDP was called the opening pressure (CDPo). Next, 
the CDP was stepwise decreased (derecruitment stage) until the SpO2 deteriorated. After 
determining this so-called closing pressure (CDPc), the lung was once more recruited 
with the know CDPo (re-opening stage) and the optimal CDP (CDPopt) was set 2 cmH2O 
above the CDPc (stabilization stage).

The pressure amplitude was set in such a way that chest oscillations were visible using a 
frequency of 10 Hz and an inspiration time of 33%. 
All neonatologists and fellows were trained in the physiological principles of the OLV 
strategy. Furthermore the first 10 OLV procedures were performed under supervision of 
one of the trainers (ADJ and AvK). 

Data collection

The total time and the time needed for the three stages of lung recruitment (recruitment, 
derecruitment, re-opening) was determined for all infants in both databases. The 
median time needed per step during each recruitment stage was calculated by dividing 
the stage time by the number of pressure steps. In addition to timing, airway pressures 
and changes in oxygenation during the recruitment stages were recorded.
The presence of more detailed information on lung recruitment, allowed for a second, 
more in depth analysis of all infants included in the database of period 2. First, the CDP, 
FIO2 and SpO2 were used for the reconstruction of the summarized pressure-oxygenation 
relationship, as previously described.(8) Briefly, the change in oxygenation, expressed as 
SpO2/FIO2, was normalized for each individual by setting this variable at CDPs and CDPo  
at, respectively, 0 and 100%.(8) The airway pressures were normalized in a similar way 
by setting CDPs and CDPo at, respectively, 0 and 100%. Next, the inflation and deflation 
limb was fitted according to model of Venegas.(9) Predefined 10% pressure steps from 
0% to 100% during inflation and 100% to 0% during deflation were then entered in each 
individual equation and the resulting SpO2/FIO2 values from all patients were averaged 
for each pressure step.(8) Using all pressure/oxygenation pairs the summarized inflation 
and deflation curves were fitted. Based on the individual  equations the average upper 
inflection point and the pressure at maximal compliance of the inflation limb were 
calculated.
Next, the recorded time spent at each pressure step were calculated for the normalized 
pressure in each individual patient. These data were summarized by averaging both the 
pressures in intervals of 10% and the concomitant stabilization times.(10) These points 
were plotted and fitted with the derivative of the Venegas equation for the recruitment 
stage, determining the pressure at which the clinician waited the longest time before 
taking the next pressure step. In addition, we calculated the total duration at which the 
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CDP applied to the lung was higher than the upper inflection point of the inflation limb.
Besides the aforementioned variables we collected patient and maternal characteristics 
including gestational age, birth weight, antenatal steroids, multiple birth, gender, route 
of delivery, Apgar at 5 minutes and modified Oxygen Index (modified OI) defined as 
CDP(cm H2O) x FIO2 divided by SpO2(%).(7)

Statistical analysis

Statistical analysis was performed using SPSS version 18 (SPSS, Chicago, IL). Data are 
presented as mean ± standard deviation (SD) or median and interquartile range [IQR] 
depending on their distribution. Data were analyzed by a Student’s T test or Mann-
Whitney U test, as appropriate. Non linear regression was used to fit the inflation and 
deflation limbs according to the model Venegas. Correlation of the duration of the 
recruitment and derecruitment stage with the severity of pulmonary illness as measured 
by the modifiedOI, was analyzed with the Pearson correlation index.

Results
A total of 128 infants patients were included in this study, 98 patients in period 1 and 30 
patients in period 2. Five patients from the period 1 cohort were excluded because of 
insufficient data on timing. 

Table 1. Patient characteristics. 

Period 1
n = 98

Period 2
n = 30 p

Gestational age (week) mean ± SD 29.4 ± 2.6 28.4 ± 2.3 0.065

Birth weight (gram) mean ± SD 1312 ± 503 1056 ± 449 0.013

SGA < 2.3 3 (3) 0 1

Birth weight ≤ 1000 gram 34 (35) 20 (67) 0.003

Antenatal steroids 67 (68) 26 (87) 0.067

 Completed 45 (46) 19 (63) 0.058

Singleton 80 (82) 26 (87) 0.782

Caesarean section 40 (41) 20 (67) 0.021

Male sex 51 (52) 17 (57) 0.682

Inborn 74 (76) 30 (100) 0.001

Five minute Apgar median [IQR] 8 [7-9] 8 [7 - 8] 0.427

Age at start HFV (hr) median [IQR] 3.1 [0.8 - 9.2] 4 [3 - 6] 0.179
Modified OI at start mean ± SD
(cm H 2O/ %) 6.65 ± 3.51 7.40 ± 3.08 0.291

Data presented as numbers (%) or as mentionned. SGA small for gestational age, HFV high frequency ventilation 
and OI oxygenation index.
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As shown in table 1, patients included in period 2 had a lower gestational age and lower 
birth weight, were more likely to be small for gestational age, and were more likely to 
be born by cesarean section. By design all babies in period 2 were inborn, because the 
electrical impedance tomography measurements needed to be started at the time of 
intubation. In both periods HFOV was started at a comparable postnatal age and severity 
of lung disease as reflected by the modified OI was similar.

As shown in table 2, the CDP and FIO2 values at the different stages of lung recruitment 
were similar in periods 1 and 2. However, the median [IQR] duration of the OLV procedure 
was significantly (p < 0.01) longer in period 1 (49 [35-65] minutes) compared to period 2 
(34 [30 - 43.5] min). Consistent with this finding the median time spent at each pressure 
step was shorter in period 2 than in period 1 during all stages of lung recruitment although 
these differences did not always reach statistical significance. There was no clinically 
relevant difference in the number of pressure steps between period 1 and 2.

Table 2: Ventilation settings and time related variables during the open lung ventilation procedure in 
both periods. 

Period 1
n= 98

Period 2
n = 30 p

ventilator settings

 CDPst (cm H2O) 7 [6-8] 8 [8-8] 0.186

 CDPo (cm H2O) 20 [18-23] 20 [18-22] 0.578

 CDPc (cm H2O) 12 [8.5-15] 10 [9-12] 0.166

 CDPopt (cm H2O) 14 [10-17] 12 [12-14] 0.378

 FIO2st 0.7 [0.5-1] 0.98 [0.59-1] 0.111

 FIO2o 0.24 [0.21-0.25] 0.24 [0.23-0.28] 0.159

 FIO2c 0.25 [0.21-0.27] 0.24 [0.23-0.25] 0.855

 FIO2opt 0.25 [0.21-0.25] 0.23 [0.21-0.26] 0.961

median [IQR] duration (min)
 total procedure (start to optimal) 49 [35-65] 34 [30 - 43.5] 0.007
 by step 3.9 [2.9 - 5.5] 2.8 [2.3- 3.2] < 0.001
 recruitment (start to open) 21 [15-35] 19 [15.8 - 23.5] 0.378
 by step 3.6 [2.5 - 5] 3 [ 2.6 - 3.6] 0.036
 derecruitment (open to close) 15 [10-20] 12.6 [9.8 - 17.9] 0.617
 by step 3.3 [2 - 3] 2.6 [2.1 - 3.3] 0.102
 re-open (close to optimal) 10 [5-14,5] 4 [3 - 5] < 0.001
median [IQR] number of steps
 total procedure (start to optimal) 13 [10 – 15] 13.5 [ 13 - 15.3] 0.022
 recruitment (start to open) 7 [5 – 8] 6 [7 - 8] 0.197
 derecruitment (open to close) 4 [3 – 5.3] 5 [4 - 6] 0.008

p probability, CDP continuous distending pressure and FIO2 fraction inspired oxygen both at ‘s’ start, ‘o’ opening, 
‘c’ closure and ‘opt’ optimal.
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Figure 2 shows the inflation limb of the summarized pressure - oxygenation relationship 
(goodness of fit = R2 0.90) of the patients included in period 2. The average normalized 
pressure at the upper inflection point and the maximal compliance was 83% and 51%, 
respectively. The relationship between median time and normalized pressure during the 
recruitment stage showed a parabolic shape which allowed fitting of the derivative of 
the Venegas model (R2 0.83). The normalized pressure at which stabilization time was 
longest was 48%. 

Figure 2: Summarized inflation limb of the pressure – oxygenation (SpO2/FiO2) curve (panel A) and 
the pressure – time curve (panel B) spend at each pressure level of the normalized data, fitted by the 
equation and derivative of the Venegas equation. 
In panel A data are presented as mean ± SD as well as the pressure variation in each point in the 
curve in panel B, while the variation in time spend at each pressure level are shown in median and 
interquartile range. R2 = goodness of fit of the fitting curve

The pressure - oxygenation curve remained stable throughout most of the derecruitment 
stage and this was also true for the pressure - time relationship (data not shown). Using 
the earlier determined average UIP of the inflation limb, the median [IQR] time spent 
above the UIP during the recruitment and derecruitment stage was 320s [105 - 537].
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No correlation between the duration of the recruitment or derecruitment stage and the 
OI was found (data not shown). 

Discussion
High frequency ventilation is nowadays used in approximately 15 to 30 % of preterm 
infants.(1,11) Animal and human studies have shown that when combined with an 
open lung approach, HFV can be lung protective and reduce the incidence of BPD.(3-
4) Although the feasibility of such an individual oxygenation guided lung recruitment 
procedure in preterm infants with RDS has recently been described, data on timing 
were so far lacking.(7-8) This is the first study that provides this practical information for 
clinicians, showing that the OLV procedure during HFV takes approximately 45 minutes 
and that this time can be reduced to 35 minutes if the procedure is performed by a 
selected group of trained professionals. 
It is clear that the OLV procedure during HFV is more time consuming than setting the 
conventional ventilator. This difference in timing is probably not based on the difference 
in ventilation mode but rather the ventilation strategy. In most preterm infants, 
conventional mechanical ventilation is not combined with a recruitment procedure, 
despite the fact that animal studies suggest that such an OLV strategy is also feasible 
during positive pressure ventilation and may also result in less lung injury.(12-13) 
Reducing the number of professionals responsible for the OLV procedure (period 2) 
resulted in a clinically relevant reduction in the time necessary to optimize lung volume. It 
was reassuring to see that this reduction in time still allowed for optimal lung recruitment 
as reflected by the comparable airway pressures and FIO2 in period 1 and 2. These findings 
are consistent with a recent study in preterm infants with RDS showing that the median 
(IQR) stabilization times of lung volume changes following incremental and decremental 
pressure steps during open lung HFV were, respectively, 82 (39-162) and 48 (24-93) 
seconds (14). These data suggest that recruitment time might even be further reduced.
 It was interesting to observe that the time taken by the clinician at each pressure step 
was relatively stable during the derecruitment stage but not during the recruitment 
stage. During the latter stabilization times were relatively shorter at the start and end 
of the recruitment procedure, resulting in a parabolic shaped time-pressure relationship. 
This finding is probably best explained by the fact that the largest changes in lung 
volume and thus oxygenation take please in the middle part of the recruitment stage. 
The fact that the normalized pressure at which the lung compliance was maximal during 
the recruitment stage was very similar to the pressure at which stabilization time was 
longest, seems to support this line of reasoning. During derecruitment, oxygenation is 
relatively stable which probably explains the relatively stable time pressure curve during 
this stage of OLV. 
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Some have expressed concerns that the OLV strategy used during HFV may result in 
lung overdistension,(15) as lung volume moves beyond the upper inflection point of 
the inflation limb of the pressure volume curve.(16) However, the present study shows 
that pressure increase above the upper inflection point is relatively small with a mean 
of only 17% of the recruitment pressure being above this point. Furthermore, the time 
spend above this upper inflection point is relatively short with a mean of approximately 
5 minutes. We would like to emphasize that these reassuring findings will only be 
applicable if an individualized recruitment procedure is used by experienced clinicians 
that will back down with the pressure after the recruitment stage, taking advantage of 
lung hysteresis present in preterm infants with RDS.(8)
This study did not find a significant correlation between the total recruitment time and 
several patients characteristics such as gestational age and severity of lung disease. This 
finding probably reflects the homogeneous character of this cohort of  preterm infants 
with RDS. 
This study has several limitations that need to be addressed. First, the timing per pressure 
step at each OLV stage in period 1 was obtained by dividing the total recruitment time 
of that stage by the number of steps. This is less accurate than timing each pressure 
step independently, like in period 2. For this reason we only used period 2 for a more in 
depth analysis. Second, the infants in period 1 and 2 differed in terms of gestational age, 
birth weight, growth restriction and route of delivery. This was most likely due to the 
fact that infants in period 2 had to be inborn to be included in the electrical impedance 
tomography study cohort, which may have resulted in selection bias. However, the 
fact that the severity of lung disease, the age at start of HFV and the necessary airway 
pressures and FIO2 were comparable between the two cohorts seems reassuring. Finally, 
all of the infants in this study were ventilated with primary open lung HFV because of 
RDS. The results may be different in infants with other causes of respiratory failure or 
ventilated with other modes of ventilation.
In conclusion, this study provides valuable and practical information for clinicians aiming 
to implement open lung HFV in their daily clinical practice. It shows that such a ventilation 
strategy is time consuming but it also shows that it can be shortened by transferring the 
responsibility of ventilation management to a selective group of trained professionals. 
The latter may be of interest for units working with physician assistants or respiratory 
therapists.
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