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ONLINE CARDIAC INTENSIVE CARE

Hemodynamic Effects of a High-Frequency 
Oscillatory Ventilation Open-Lung Strategy 
in Critically Ill Children With Acquired or 
Congenital Cardiac Disease
OBJECTIVES: To study the hemodynamic consequences of an open-lung high-
frequency oscillatory ventilation (HFOV) strategy in patients with an underlying 
cardiac anomaly with or without intracardiac shunt or primary pulmonary hyperten-
sion with severe lung injury.

DESIGN: Secondary analysis of prospectively collected data.

SETTING: Medical-surgical PICU.

PATIENTS: Children less than 18 years old with cardiac anomalies (± intracar-
diac shunt) or primary pulmonary hypertension.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Data from 52 subjects were ana-
lyzed, of whom 39 of 52 with cardiac anomaly (23/39 with intracardiac shunt) and 
13 of 52 with primary pulmonary hypertension. Fourteen patients were admitted 
postoperatively, and 26 patients were admitted with acute respiratory failure. Five 
subjects (9.6%) were canulated for ECMO (of whom four for worsening respira-
tory status). Ten patients (19.2%) died during PICU stay. Median conventional me-
chanical ventilation settings prior to HFOV were peak inspiratory pressure 30 cm 
H2O (27–33 cm H2O), positive end-expiratory pressure 8 cm H2O (6–10 cm H2O), 
and Fio2 0.72 (0.56–0.94). After transitioning to HFOV, there was no negative 
effect on mean arterial blood pressure, central venous pressure, or arterial lactate. 
Heart rate decreased significantly over time (p < 0.0001), without group differ-
ences. The percentage of subjects receiving a fluid bolus decreased over time (p =  
0.003), especially in those with primary pulmonary hypertension (p = 0.0155) and 
without intracardiac shunt (p = 0.0328). There were no significant differences in 
the cumulative number of daily boluses over time. Vasoactive Infusion Score did 
not increase over time. Paco2 decreased (p < 0.0002) and arterial pH significantly 
improved (p < 0.0001) over time in the whole cohort. Neuromuscular blocking 
agents were used in all subjects switched to HFOV. Daily cumulative sedative 
doses were unchanged, and no clinically apparent barotrauma was found.

CONCLUSIONS: No negative hemodynamic consequences occurred with an 
individualized, physiology-based open-lung HFOV approach in patients with car-
diac anomalies or primary pulmonary hypertension suffering from severe lung 
injury.

KEY WORDS: acute lung injury; cardiac pediatric patients; congenital heart 
disease; high-frequency oscillatory ventilation; oxygenation; primary pulmonary 
hypertension

Respiratory complications due to heart failure, infection, atelectasis, 
and intrapulmonary fluid are not uncommon in mechanically ven-
tilated patients with cardiac anomalies or pulmonary hypertension 
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(1, 2). This may lead to significant decreases in lung 
compliance and end-expiratory lung volume (EELV), 
causing impairments in gas exchange. Alveolar col-
lapse increases pulmonary vascular resistance (PVR), 
negatively affecting right ventricular (RV) function. 
These changes may necessitate the use of higher levels 
of inspiratory and positive end-expiratory pressures 
(PEEPs). However, higher inspiratory pressures and 
larger tidal volumes (Vts) may contribute to ventilator-
induced lung injury (VILI) and should, therefore, be 
avoided. In addition, high levels of PEEP may impede 
venous return, thereby further compromising cardiac 
function.

One potential benefit of using high-frequency os-
cillatory ventilation (HFOV) in children with car-
diac anomalies and pulmonary hypertension is that 
HFOV delivers a small Vt (1–2 mL/kg) and maintains 
EELV through the delivery of a continuous distending 
pressure (CDP). This combination targets two major 
components of VILI, specifically atelectrauma and 
volutrauma (3–6). However, HFOV is often seen as 
relatively contraindicated in this patient group because 
higher intrathoracic pressures are generally delivered 
when compared with conventional mechanical venti-
lation (CMV). Theoretically, these higher intrathoracic 
pressures may increase RV afterload and, thus, gen-
erate a more negative effect on RV function. It can also 

be argued that HFOV is less challenging to ventilate at 
the level of EELV where the PVR is the lowest, but this 
does require a lung volume optimization maneuver 
(LVOM) after transitioning to HFOV.

Previously, in noncardiac patients, we demonstrated 
the safety and feasibility of an open-lung HFOV 
strategy through an initial incremental-decremen-
tal CDP titration maneuver, a high frequency (8–15 
Hz), and high set power to initially target a proximal 
pressure amplitude (∆Pproximal) of 70–90 cm H2O, irre-
spective of age or weight (7, 8). Some pediatric data 
suggest that HFOV may also be safe and feasible in 
cardiac patients, but the HFOV strategy reported did 
not use an open-lung approach (9, 10). We, therefore, 
sought to explore the hemodynamic consequences of 
this open-lung approach in cardiac patients with and 
without intracardiac shunt and in patients with pri-
mary pulmonary hypertension by studying the level 
and time course hemodynamics variables and the use 
of inhaled nitric oxide, vasoactive medications, sed-
ative-analgesic, and neuromuscular blocking agents 
(NMBAs) in 24 hours before and during the first 3 
days of HFOV.

MATERIALS AND METHODS

Study Design and Setting

This study was designed as a secondary analysis of 
prospectively collected data between January 2013 
and July 2020 in our mixed medical-surgical ter-
tiary PICU. The Institutional Review Board (IRB) of 
the hospital (Medisch Ethische Toetsing Commissie 
[METC], Universitair Medisch Centrum Groningen 
[UMCG]) approved the study and waived the need for 
informed consent in agreement with Dutch legislation 
(METC, UMCG, 10-6-2016, IRB number: 2016/235). 
Procedures were followed with the ethical stan-
dards of the responsible committee and the Helsinki 
declaration.

Patients

Subjects younger than 18 years old with underlying 
congenital or acquired cardiac anomalies or cardiac 
dysfunction and/or primary pulmonary hypertension 
not related to cardiac anomalies, who were managed 
with HFOV during their PICU admission were in-
cluded. The decision to use HFOV was at the discretion 

 
RESEARCH IN CONTEXT

 • To avoid harmful ventilator settings in children, 
high-frequency oscillatory ventilation (HFOV) 
can be used in children.

 • HFOV is often considered to be relatively con-
traindicated in children with cardiac anomalies 
or primary pulmonary hypertension as it is pre-
sumed that the high intrathoracic pressures 
associated with HFOV may aggravate right 
ventricular dysfunction through an increased 
afterload and decrease cardiac output.

 • In our cohort, there were no negative hemo-
dynamic consequences of an individualized, 
physiology-based open-lung HFOV approach 
in pediatric patients with a congenital or ac-
quired cardiac anomaly or pulmonary hyperten-
sion with severe lung injury.
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of the attending physician, although our unit has a clin-
ical algorithm guiding the initiation and titration of 
HFOV (8). Briefly, HFOV is initiated in patients when 
peak inspiratory pressure (PIP) greater than or equal 
to 28–32 cm H2O, PEEP greater than or equal to 8 cm 
H2O, Fio2 greater than or equal to 0.60, and worsening 
oxygenation index (OI) on three consecutive measure-
ments (each ~ 1 hr apart). Children with a gestational 
age less than 40 weeks were excluded.

Data Collection

Demographic, physiologic, laboratory data, and use of 
medication and fluids were manually extracted from 
each subject’s medical record. Disease severity was 
assessed by the Pediatric Risk of Mortality III 24-hour 
score. Transcutaneous measured oxygen saturation 
(Spo2), heart rate, invasively measured arterial systolic, 
diastolic, and mean pressure (mABP), and, if a central 
catheter was in situ, central venous pressure (CVP) 
were continuously monitored using a Phillips MP70 
Intellivue monitor (Philips Medical Systems, Best, the 
Netherlands) and documented hourly by the bedside 
nurse. Arterial blood samples were taken to measure 
arterial pH (pHa), Pao2, Paco2, and lactate at least every 
6 hours in the early phase after transition to HFOV at 
the discretion of the attending physician (Radiometer, 
Brønshøj, Denmark). Ventilator variables were docu-
mented hourly. CMV variables included PIP, mean 
airway pressure (mPaw), positive PEEP, expiratory Vt 
(Vte), and Fio2. Vte was measured near the Y-piece of the 
endotracheal tube in patients less than 10 kg (VarFlex, 
Vyaire, Yorba Linda, CA). For HFOV, these included 
mPaw, frequency (F), ΔPproximal, and Fio2. Using con-
current blood gas and ventilator data, the Pao2/Fio2 
ratio and OI (mPaw × Fio2 × 100)/ Pao2) were calcu-
lated. We quantified the number of daily fluid boluses. 
To describe the need for vasoactive support, the daily 
Vasoactive Inotrope Score (VIS) was calculated (11). 
The use of NMBAs and cumulative dosages of sedatives 
and analgesic medications were documented daily. For 
comparison, all sedatives were expressed as equipo-
tential opioid or benzodiazepine dosages, respectively 
methadone and lorazepam (12, 13).

CMV Protocol

Patients with acute lung injury were managed with 
a unit-based protocol, prescribing a time-cycled, 

pressure limited ventilation mode (pressure control 
[PC]/assist control in infants < 12 mo or PC/synchro-
nized intermittent mandatory ventilation [SIMV] in 
older children) (8). Briefly, we target PIP less than 30 cm 
H2O (< 32 cm H2O in patients with clinically suspected 
decreased chest wall compliance) and Vte between 5 
and 8 mL/kg actual bodyweight. Initial PEEP was at 
the discretion of the attending physician. Our pro-
tocol does not include the Acute Respiratory Distress 
Syndrome Network PEEP/Fio2 grid or LVOMs, such 
as staircase PEEP titration or sustained inflation dur-
ing CMV (14). Mandatory breath rate is dictated by 
underlying respiratory mechanics and age to maintain 
pHa within target range; the flow-time scalar is care-
fully observed to prevent auto-PEEP. The maximum 
inspiration:expiration  ratio is 1:1. The amount of pres-
sure support in the PC/SIMV mode is calculated by PIP 
minus PEEP. We use passive humidification by means 
of a heat-moisture exchanger in all patients on CMV 
(Gibeck; Teleflex Medical, Vianen, the Netherlands) 
and active humidification during HFOV.

HFOV Strategy

Patients are oscillated per a unit-based protocol which 
defines HFOV criteria, the LVOM, and titration of 
HFOV settings according to the evolving physiologic 
needs of the patient as described previously (8). Initial 
oscillator settings irrespective of age or bodyweight in-
cluded frequency 10–12 Hz, mPaw 3–5 cm H2O above 
mPaw on CMV, power setting targeted at ∆Pproximal 
70–90 cm H2O, inspiratory time 33%, and bias flow 
20–40 L/min. The LVOM is an individualized staircase, 
incremental-decremental titration and is performed 
immediately after transitioning to HFOV using the 
SensorMedics 3100A/B oscillator (SensorMedics, 
Yorba Linda, CA). The mPaw is increased by 2 cm 
H2O every 3–5 minutes until the onset of lung recruit-
ment is identified by increasing Spo2 (mPawrecruitment). 
This stepwise increase of the mPaw is continued until 
no further improvement in oxygenation and/or sud-
den decrease in mean arterial blood pressure (mABP) 
occurs during two consecutive increments identifying 
the onset of overdistention of the lung (mPawhyperinflation). 
Subsequently, mPaw was stepwise decreased every 3–5 
minutes by 2 cm H2O until the Spo2 decreased again 
during two consecutive increments indicating lung 
derecruitment (mPawderecruitment) or when other clinical 
situations gave rise to stop decreasing the mPaw. The 
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LVOM was repeated to mPawhyperinflation with setting the 
“optimal” mPaw 2 cm H2O above the mPawderecruitment.  
During the LVOM, power remained constant, and 
frequency was only decreased in patients with severe 
increasing hypercapnia resulting in acidosis (pH < 
7.25), so that ΔPproximal could reflect changes in compli-
ance. During the HFOV course, the mPaw is actively 
decreased if Fio2 less than 0.40–0.50; frequency is 
decreased when pH is below target range and increased 
when above. Failure of HFOV is defined by a worsen-
ing of OI despite “maximum” HFOV settings or the in-
ability to wean either the mPaw or the Fio2 over the 
first 24 hours following the start of HFOV. Subsequent 
cannulation for extracorporeal life support for pulmo-
nary support is considered in case of HFOV failure.

After stabilization of the patient, we use a daily CDP 
titration to determine the level of CDP that is neces-
sary to maintain adequate oxygenation. This titration 
is similar to the LVOM described above, but it starts 
with the decremental phase instead of the incremental 
phase.

Supportive Care and Targets

Fio2 is adjusted to maintain Spo2 in range depending 
on the presence of absence of an intracardiac shunt. 
In general, Spo2 is maintained 88–92% in patients 
without an intracardiac shunt, for patients with intra-
cardiac shunt 65–80%, and for patients with pulmo-
nary hypertension 92–97%. Permissive hypercapnia is 
allowed targeting pH greater than 7.20 irrespective of 
Pco2; in pulmonary hypertension patients, pH greater 
than 7.40 is targeted. Patients are ventilated in su-
pine position. In all patients, continuous IV infusion 
of analgesic-sedative drugs, including fentanyl, mor-
phine, and midazolam, is titrated by the bedside nurse 
(based on bispectral index value, heart rate and pupils 
for patients on NMBA, and Comfort B Score for non-
paralyzed patients) (15). Hemodynamic management 
of patients included targeting negative fluid balance 
via fluid restriction (±75% of normal fluid intake) and, 
if necessary, diuretic therapy (continuous IV adminis-
tration of furosemide).

Study Endpoints

The primary endpoints of this study were the level and 
trajectory of hemodynamic variables, number of fluid 
boluses, and Vasoactive Infusion Score. Secondary 

endpoints included daily cumulative dosage of seda-
tive-analgesics, use of NMBA, and metrics for oxygen-
ation and ventilation.

Statistical Analysis

To describe the study population, we stratified the 
cohort into patients admitted postoperative after car-
diac surgery, nonpostoperative admissions, and those 
with primary pulmonary hypertension. For analyt-
ical purposes, we stratified to cohort based on their 
cardiac pathology: cardiac anomaly with intracardiac 
shunt, cardiac anomaly without intracardiac shunt, 
and primary pulmonary hypertension (PPH). The 
reason for doing this was the differences in oxygen-
ation variables between patients with and without 
intracardiac shunt as the oxygenation response is tra-
ditionally being used when titrating HFOV and base-
line oxygenation values are different between patients 
with and without intracardiac shunt. Absolute num-
bers are presented as a percentage of total, and con-
tinuous data as median and 25–75% interquartile 
range when assumptions of normality are not sat-
isfied. Comparisons between patients with cardiac 
anomaly with intracardiac shunt, cardiac anomaly 
without intracardiac shunt, and PPH were made using 
the Kruskal-Wallis test (for continuous data) and the 
chi-square test (for categorical data) using GraphPad 
Version 9 (GraphPad Software, San Diego, CA). To 
analyze the interaction between time and group 
stratum, mixed effects analyses were performed using 
GraphPad Version 9 (GraphPad Software, San Diego, 
CA). p values less than 0.05 were accepted as statisti-
cally significant.

RESULTS

Patient Characteristics

Fifty-two subjects were included in this study, of whom 
23 of 52 had a cardiac anomaly with an intracardiac 
shunt, 16/52 a cardiac anomaly without an intracar-
diac shunt, and 13 of 52 had PPH. Fourteen patients 
were admitted postoperatively after cardiac surgery, 
and 26 patients were admitted with acute respiratory 
failure from a pulmonary infection. There were no sta-
tistically significant differences in baseline characteris-
tics between the three groups (Table 1; and eTable 1, 
http://links.lww.com/PCC/C338).
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Median CMV settings prior to HFOV were 
PIP 30 cm H2O (27–33 cm H2O), PEEP 8 cm H2O 
(6–10 cm H2O), and Fio2 0.72 (0.560–0.94). No 
significant differences were found in CMV settings 
prior to HFOV between the three groups or the time 
on CMV before HFOV. Children diagnosed with 
PPH had a significant longer time on HFOV com-
pared with subjects without an intracardiac shunt 
(p = 0.0200). Five patients (9.6%) were canulated 
for ECMO: one had PPH, one without intracardiac 
shunt, and three with an intracardiac shunt. In four 
of them, ECMO was initiated because of worsening 
respiratory status. One patient was cannulated as 
bridge to operative correction. Total ventilation time 
and length of PICU stay were comparable among the 
three groups. Ten patients (19.2%) died during their 
PICU stay. In nine of them, treatment was redirected 
based on underlying disorder (e.g., refractory PPH 
[n = 5] or cardiac failure with multiple organ failure 
[n = 4]). In one patient, treatment was withdrawn 
because futility.

Effect on Hemodynamics

For the whole cohort, we did not observe a negative 
effect over time on mABP, CVP, or arterial lactate 
among patients with cardiac anomaly with intracar-
diac shunt, cardiac anomaly without intracardiac 
shunt, and PPH (Fig. 1).

HR decreased significantly over time (p < 0.0001), 
without group differences. The percentage of sub-
jects receiving a fluid bolus also decreased over 
time (p = 0.0208), especially in those with PPH (p = 
0.0155) and without intracardiac shunt (p = 0.0328). 
There were no significant differences in the cumu-
lative number of daily boluses over time. The per-
centage of subjects who required vasoactive support 
was stable over time, except for the PPH group (p = 
0.0366) (Fig. 2). No significant increase in VIS was 
found over time in subjects who required vasoactive 
support (Fig. 2).

Effect on Metrics for Oxygenation and 
Ventilation

Oscillator settings over time stratified by diagnosis 
are graphically depicted in eFigure 1 (http://links.
lww.com/PCC/C338). Fio2 decreased over time (p < 
0.0001) without a significant difference between the 

three groups (eFig. 2, http://links.lww.com/PCC/
C338). There were no significant differences over time 
in the Pao2/Fio2 ratio and OI over the first 3 days. 
Paco2 also decreased (p < 0.0002), and pH significantly 
improved (p < 0.0001) over time during the first 3 days 
on HFOV (eFig. 3, http://links.lww.com/PCC/C338).

Use of Sedative-Analgesics and NMBA

All subjects were on NMBA before switching to HFOV, 
and this percentage decreased significantly over time 
(p < 0.0001). Equipotent dosage of lorazepam and 
methadone dosage remained stable over time (Fig. 3).

DISCUSSION

To the best of our knowledge, this is the first study 
reporting an individualized, physiology-based open-
lung approach of HFOV in pediatric cardiac and PPH 
patients. We showed that such an approach, together 
with a high F and high initial ∆Pproximal to deliver the 
smallest stroke volume, did not negatively affect hemo-
dynamic variables in critically ill children with cardiac 
disorders with or without intracardiac shunt or those 
with PPH. These findings are in line with our previous 
observations noncardiac patients (8).

HFOV is often considered to be contraindicated in 
children with RV impairment or PH as it is feared that 
the high intrathoracic pressures associated with HFOV 
may aggravate RV dysfunction through an increased 
RV afterload. Although higher intrathoracic pressures 
undoubtfully may increase RV afterload, PVR is the 
main determinant of RV afterload and is directly af-
fected by changes in lung volume (16). PVR raises at 
both extremes of lung volume. The lowest PVR at the 

 
AT THE BEDSIDE

 • An open-lung HFOV strategy does not lead to 
hemodynamic compromise.

 • Use of high, age-independent frequencies 
allows for adequate ventilation.

 • HFOV can be considered in cardiac patients 
with oxygenation, and ventilation targets can-
not be maintained with safe conventional me-
chanical ventilation.
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TABLE 1.
Study Population Characteristics and Last Ventilator Settings Prior to High-Frequency 
Oscillatory Ventilation

Variable 
Intracardiac 

Shunt (n = 23) 
No Intracardiac 
Shunt (n = 16) 

Primary Pulmonary 
Hypertension (n = 13) p 

Age (mo)
 0–6 (%)
 7–12 (%)
 ≥ 13 (%)

5.0 (3.0–8.0)
56.5
34.8
8.7

7.5 (1.8–32.8)
37.5
25.0
37.5

9.0 (3.5–12.5)
46.2
30.8
23.1

0.3338

Male (%) 69.6 56.3 38.5 0.6530

Weight (kg) 5.7 (5.2–7.0) 8.2 (4.8–12.4) 6.9 (4.4–8.3) 0.1218

Pediatric Risk of Mortality-III 24 hr 4.0 (3.0–6.0) 2.5 (1.0–4.8) 5 (0.5–6.5) 0.2493

Admission diagnosis (%)     

  Pulmonary infection 60.9 31.3 69.2  

  Postoperative 21.7 43.8 0  

  C irculatory failure caused by  
cardiac diagnosis

8.7 6.3 0  

  Pulmonary hypertension 0 0 30.8  

  Cardiomyopathy 0 6.3 0  

  Myocarditis 0 6.3 0  

  Sepsis 4.3 6.3 0  

  Pulmonary hemorrhage 4.3 0 0  

Inhaled nitric oxide (%) 60.9 31.3 100 0.0006*

PICU stay (d) 27 (13–44) 17 (10–32) 24 (16–46) 0.5080

Time on conventional mechanical  
ventilation before start HFOV (hr)

28 (9–48) 50 (15–165) 4 (3–35) 0.0956

Total length of HFOV (hr) 97 (64–169) 101 (44–144) 192 (91–302) 0.0200a

Total length of ventilation (hr) 450 (255–893) 265 (194–571) 376 (221–525) 0.3673

Switch to extracorporeal life support 
from HFOV (%)

13.0 6.3 7.7 0.8288

PICU mortality (%) 21.7 12.5 23.1 0.7105

Last ventilator settings and ventilation variables on conventional mechanical ventilation before switch to HFOV  

  Peak inspiratory pressure (cm H2O) 29 (27–32) 31 (28–35) 31 (26–37) 0.2813

  Mean airway pressure (cm H2O) 17 (15–20) 17 (17–20) 17 (14–21) 0.7857

  P ositive end-expiratory  
pressure (cm H2O)

8 (6–10) 9 (8–12) 8 (6–10) 0.0792

  Expiratory tidal volume (mL/kg) 7.1(5.8–10.1) 6.3 (4.9–6.9) 7.4 (6.2–8.4) 0.0743

  Fio2 (fraction) 0.85 (0.50–0.96) 0.60 (0.4–0.91) 0.72 (0.61–0.82) 0.5882

  Co2 (mmHg) 53 (40–67) 54 (44–66) 53 (44–72) 0.9474

  pH 7.28 (7.21–7.42) 7.38 (7.24–7.42) 7.39 (7.21–7.44) 0.8075

HFOV = high-frequency oscillatory ventilation.
ap < 0.05.
Data depicted as median (25–75 interquartile range) or percentage (% of total).
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U-shaped curve coincides with normal functional re-
sidual capacity (17). This would favor the use of modes 
that facilitate ventilation at this level. This may also hold 
true for patients with PPH, in whom it is even more 
imperative to maintain adequate lung volume to keep 
PVR low and to achieve a normal pHa. Despite this, 
experiences with HFOV in cardiac patients are lim-
ited and mainly stem from retrospective observational 
studies. One group of investigators reported a shorter 
length of mechanical ventilation among neonates and 
infants with respiratory distress following congenital 
cardiac surgery when they were managed with HFOV 
(9). Others found that high-frequency jet ventilation 
reduced PVR in children after Fontan procedure, al-
though no outcome data were reported (10). Despite 
the higher intrathoracic pressures associated with 
HFOV, our data did not demonstrate hemodynamic 
deterioration over time in all groups of patients. In fact, 

the use of vasoactive inotropic agents and the VIS score 
remained constant during the first 3 days of HFOV. The 
increased use of vasoactive drugs in subjects with PPH 
does not necessarily mean that HFOV was detrimental 
since the VIS remained constant. We propose that the 
increase could easily be explained by the routine use of 
milrinone in these subjects.

LVOMs are often guided by changes in oxygenation. 
In our study, changes in Spo2 were measured during 
the incremental-decremental CDP titration, assuming 
that there we no increase in lung volume if the Spo2 no 
longer increased. However, especially in patients with 
an intracardiac shunt, it cannot be ruled out that there 
was still potential for recruitment despite the absence of 
increase in Spo2 as many other variables, such as shunt 
itself, influence the Spo2 (18). Increases in intrathoracic 
pressure or PVR may cause the direction of the shunt 
to change, leading to increased mixing of oxygenated 

Figure 1. Level and time course of hemodynamic variables including heart rate (A), mean arterial blood pressure (B), central venous 
pressure (C), and blood lactate (D) during the last 6 hr of conventional mechanical ventilation and the subsequent first 72 hr of high-
frequency oscillatory ventilation, stratified by underlying diagnosis (with intracardiac shunt [n = 23], without intracardiac shunt [n = 16], 
and with primary pulmonary hypertension [n = 13]). “Start” is the first measurement immediately after the recruitment maneuver. Data 
are depicted as median (25–75 interquartile range). *p < 0.05. CMV = conventional mechanical ventilation, HFOV = high-frequency 
oscillatory ventilation. 
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with deoxygenated blood. The lack of EELV monitor-
ing tools other than surrogate clinical variables, such 
the Spo2, OI, and Pao2/Fio2, is a major limitation when 
transitioning to HFOV (19, 20). Despite that the fact in 
our study we did not quantify the intracardiac shunt, 
our data showed that there was no worsening of oxy-
genation during HFOV compatible with right-to-left 
changes in shunt. We did not use chest radiography to 
assess lung volume as there are no data on the validity 
of this type of imaging to identify optimal lung volume 
nor how to appropriately identify lung overdistension. 
Obviously, novel bedside tools measuring lung volume 
could improve the LVOM in all patients and particu-
larly in cardiac patients with intracardiac shunt.

Our study was not designed to test the superiority of 
HFOV over CMV, and it cannot be ruled out that the 
improvements seen in for example the hemodynamic 
variables might also have occurred over time if HFOV 
was not used. To date, no pediatric or adult studies in 
noncardiac patients have reported improved outcomes 
from HFOV (21–23). However, we propose that how 
HFOV is used determines patient outcome (24, 25). 
Most studies do not report a LVOM to guarantee an 
optimal lung volume and oscillating at EELV in the 

individual patient (26). The importance of recruiting 
lung volume when transitioning to HFOV is empha-
sized in experimental work as not only oxygenation 
improves with more recruited lung volume but there 
is also a decreased risk for collapsed, atelectatic lung 
units to become exposed to larger, potentially more 
injurious pressure swings (27, 28). Our present study 
confirms that such an approach is safe and feasible 
in cardiac patients, making this patient population a 
target for inclusion in future randomized controlled 
trials. Such trials will ultimately answer the question if 
our approach leads to improved patient outcomes such 
as ventilator-free days and length of PICU stay.

There are limitations to our study. First, this is a 
retrospective single-center study, conducted in a high 
HFOV usage center. We apply liberal criteria for tran-
sitioning to HFOV in our pediatric population rather 
than using HFOV as rescue therapy. In the group of 
patients with a cardiac anomaly, we tend to be more 
restrictive than in patients without cardiac impair-
ment. Nonetheless, in cases of severe pulmonary 
impairment, HFOV is used to avoid harmful conven-
tional ventilator settings. Thus, the experiences in the 
study come from a center with extensive experience in 

Figure 2. Level and time course of the percentage of patients who received fluid boluses per day (A) and the cumulative amount of fluid 
boluses in mL/kg (B), patients on vasoactive support per day (C) and vasoactive score (D) stratified by underlying diagnosis (with intracardiac 
shunt [n = 23], without intracardiac shunt [n = 16], and with primary pulmonary hypertension [n = 13]). Continuous data are depicted as 
median (25–75 interquartile range), and categorical data as percent of total. CMV = conventional mechanical ventilation. *p < 0.05.

D
ow

nloaded from
 http://journals.lw

w
.com

/pccm
journal by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
2+

Y
a6H

515kE
=

 on 09/14/2023



de Jager et al

e280     www.pccmjournal.org June 2023 • Volume 24 • Number 6

HFOV, which is essential for children with right heart 
failure. In addition, practice variability in, for example, 
fluid and hemodynamic management cannot be ruled 
out due to our study design. Second, although an ob-
jective ventilation management protocol was used in 
our unit, a notable portion of the management is at the 
discretion of the attending physician, inherently lead-
ing to practice variability that cannot be accounted for. 
Nevertheless, our study was designed as a pragmatic 

observational study, examining the feasibility of an 
open-lung HFOV approach in subjects with cardiac 
anomalies. It was not designed to test superiority of 
HFOV over CMV; this obviously requires a random-
ized controlled trial. Third, the studied cohort reflects 
a heterogenous group of patients, and the number of 
patients is insufficient to perform subgroup analyses. A 
more granular description would allow for better iden-
tification of subjects in whom HFOV might have more 
effects on the cardiac output than other congenital 
anomalies, but we are concerned that the sample size 
does not allow this. Nonetheless, our study includes 
one of the largest cohorts of pediatric patients with 
cardiac impairment or PPH managed with HFOV.

CONCLUSIONS

In our cohort, there were no negative hemodynamic 
consequences of an alternative, individualized, phys-
iology-based open-lung HFOV approach that targets 
high frequency and high ∆Pproximal in pediatric 
patients with a congenital or acquired cardiac anomaly 
or pulmonary hypertension with severe lung injury. 
Future investigations are needed to describe outcome 
benefits of this HFOV approach.
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Figure 3. Percentage of patients who were on neuromuscular 
blocking agents (A), mean equipotent dosage of lorazepam 
(B), and mean equipotent dosage of methadone dosage (C) 
stratified by underlying diagnosis (with intracardiac shunt [n = 23], 
without intracardiac shunt [n = 16], and with primary pulmonary 
hypertension [n = 13]). Continuous data are depicted as median 
(25–75 interquartile range) and categorical data as percent of 
total. CMV = conventional mechanical ventilation. *p < 0.05.
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