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ORIGINAL RESEARCH

Feasibility, Safety, and Short- Term 
Outcomes of Transcatheter Patent Ductus 
Arteriosus Closure in Premature Infants on 
High- Frequency Jet Ventilation
Kamel Shibbani , MD; Bassel Mohammad Nijres , MD; Daniel McLennan , MD;  
Adrianne Rahde Bischoff , MD; Regan Giesinger , MD; Patrick J. McNamara , MD;  
Jonathan Klein , MD; Jimmy Windsor , MD; Osamah Aldoss , MD

BACKGROUND: Prolonged exposure to a hemodynamically significant patent ductus arteriosus (PDA) is associated with major 
morbidity, particularly in infants born at <27 weeks’ gestation. High- frequency jet ventilation (HFJV) is a standard of care at our 
center. There are no data about transcatheter PDA closure while on HFJV. The aim of this study was to assess the feasibility, 
safety, and outcomes of HFJV during transcatheter PDA closure.

METHODS AND RESULTS: This is a retrospective cohort study of premature infants undergoing transcatheter device closure on 
HFJV. The primary outcome was successful device placement. Secondary outcomes included procedure time, fluoroscopy 
time and dose, time off unit, device complications, need for escalation in respiratory support, and 7- day survival. Subgroup 
comparative evaluation of patients managed with HFJV versus a small cohort of patients managed with conventional mechan-
ical ventilation was performed. Thirty- eight patients were included in the study. Median age and median weight at PDA device 
closure for the HFJV cohort were 32 days (interquartile range, 25.25– 42.0 days) and 1115 g (interquartile range, 885– 1310 g), 
respectively. There was successful device placement in 100% of patients. There were no device complications noted. The 
time off unit and the procedure time were not significantly different between the HFJV group and the conventional ventilation 
group. Infants managed by HFJV had shorter median fluoroscopy times (4.5 versus 6.1 minutes; P<0.05) and no increased 
risk of adverse respiratory outcomes.

CONCLUSIONS: Transcatheter PDA closure in premature infants on HFJV is a safe and effective approach that does not com-
promise device placement success rate and does not lead to secondary complications.

Key Words: device closure ■ high- frequency jet ventilator ■ high- frequency ventilation ■ patent ductus arteriosus ■ transcatheter

The approach to patent ductus arteriosus (PDA) 
care in extremely preterm infants continues to be 
a subject of much controversy.1– 4 Until recently, 

the standard of care for definitive PDA closure was sur-
gical intervention through a lateral thoracotomy tech-
nique. Several studies have demonstrated increased 
risk of postligation cardiac syndrome,5 trauma- related 

complications (recurrent laryngeal nerve palsy, chy-
lothorax), and adverse neurosensory impairment.6 
Contemporary opinion has moved away from viewing 
surgical PDA closure as being “more effective and less 
costly [and] superior to transcatheter placement of the 
occluder for closure of isolated PDA,”7 with transcath-
eter closure now becoming widely adapted. Safety of 
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the Amplatzer Piccolo Occluder, which received FDA 
approval in 2019 for infants >700 g with a PDA, was 
recently confirmed in a cohort of 200 patients.8

Traditionally, transcatheter procedures have been 
performed on conventional mechanical ventila-
tion, with PDA closure being no exception. Indeed, 
in a study of 100 such procedures done on infants 
<1000 g, only 12% of patients received the intervention 
while on high- frequency ventilation.9 The use of high- 
frequency ventilation, both high- frequency oscillatory 
ventilation and high- frequency jet ventilation (HFJV), 
has been shown to decrease the incidence of bron-
chopulmonary dysplasia in infants with extremely low 
birth weight (ELBW).10,11 The population of infants with 
ELBW, most likely to require definitive PDA closure, 
are also at greatest risk of lung injury and pulmonary 
vascular maldevelopment, and therefore may benefit 
most from minimizing volutrauma by maintaining high- 
frequency ventilation during transcatheter PDA clo-
sure. At our institution, first- intention HFJV from birth 
is the standard of care to minimize volutrauma when 
caring for infants with ELBW with respiratory distress 
syndrome that require invasive ventilation. It has been 
previously shown that the use of HFJV during surgical 
ligation did not impact surgical morbidity or mortality 
compared with conventional ventilation.12 The use of 
first- intention HFJV at our institution has been asso-
ciated with high survival rates at the limits of viability, 
which exceed national averages.13 In developing a 

standardized approach during our transition to tran-
scatheter PDA closure, guidelines for use of HFJV 
during the procedure were developed. The goal of this 
study was to assess the efficacy, feasibility, and safety 
of transcatheter PDA closure while on HFJV.

METHODS
This is a retrospective cohort study of preterm infants 
with a hemodynamically significant PDA undergoing 
transcatheter device closure while on HFJV. Patient 
selection for PDA closure was performed by the ne-
onatal hemodynamics team in accordance with a 
standardized echocardiography approach. The eligible 
population included all premature infants with a hemo-
dynamically significant PDA that underwent transcath-
eter PDA closure from the time of program inception in 
October 2019 until May 2021. The study was approved 
by the institutional review board at the University of 
Iowa (institutional review board ID No. 202103449). No 
informed consent was required. The data that support 
the findings of this study are available from the corre-
sponding author upon reasonable request.

PDA Care
Comprehensive targeted neonatal echocardiography 
is performed by the neonatal hemodynamics team, ac-
cording to a standardized protocol, which includes the 
assessment of intracardiac and aortic arch anatomy, 
characterization of PDA shunt volume, and assessment 
of pulmonary venous location/flow. A scoring system is 
used to determine the hemodynamic significance of a 
PDA (Table 1). The PDA score is used as a surrogate 
of shunt volume and a PDA with score of >6 is consid-
ered to be hemodynamically significant.14 Premature 
infants with a hemodynamically significant PDA are 
referred for transcatheter closure after failed medical 
therapy (targeted acetaminophen or indomethacin [1– 
2] courses), or if medical therapy is contraindicated. 
The interventional cardiology and neonatal hemody-
namics team triage individual cases to determine suit-
ability for transcatheter PDA closure. Figure 1 provides 
an overview of our standardized workflow of PDA clo-
sure at our institution.

High- Frequency Jet Ventilation
All patients were sedated and muscle relaxed 1 to 
2 hours before procedural departure using a low- dose 
morphine infusion (5– 10  µg/kg per min) and a single 
dose of vecuronium (0.1 µg/kg) and lorazepam (0.1 mg/
kg). A preprocedural chest x- ray and serial blood gases 
were performed until a blood gas in the patients’ target 
range is achieved. Patients were then transported to 
the cardiac catheterization laboratory and positioned 
on the operating table by the NICU transport team 

CLINICAL PERSPECTIVE

What Is New?
• In premature infants, transcatheter patent duc-

tus arteriosus closure can be done safely and 
effectively on high- frequency jet ventilation, 
without the need to transition patients to con-
ventional mechanical ventilation.

What Are the Clinical Implications?
• This could limit unnecessary changes in ventila-

tion strategy in a patient population that is ex-
quisitely sensitive to changes in management.

Nonstandard Abbreviations and Acronyms

CMV conventional mechanical ventilation
ELBW extremely low birth weight
FiO2 fraction of inspired oxygen
HFJV high- frequency jet ventilation
PIP peak inspiratory pressure
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and a member of the neonatal hemodynamics team 
(seniority equivalent to a neonatologist in years 1– 3 of 
clinical practice) without breaking the patients’ bedside 
respiratory circuit. Periprocedural decisions related to 
HFJV use are made by the neonatal team (present in the 
catheterization laboratory), according to standardized 
guidelines, in consultation with the anesthesiologist. 
HFJV was not paused at any point during the proce-
dure except if required for patient care (ie, suctioning). 
Respiratory instability (increased need of oxygenation 
or ventilation) is managed according to the principles 
outlined in Table 2. Chest radiography and blood gas 
sampling is routinely performed upon return to the 
NICU to ensure optimal lung recruitment and ventila-
tion. Capillary blood gas was used most frequently for 
pre-  and postprocedure care. When an arterial line was 
present, arterial blood gas was preferentially used.

Device Placement
All devices were placed via femoral venous access. 
Ultrasound was used to place a 4- Fr Prelude IDeal 
sheath (Merit Medical, Jordan, UT) through the femo-
ral vein. No arterial access was obtained. On certain 
occasions and based on NICU staff level of concern, 
an arterial line was placed in the radial artery be-
fore transportation to the catheterization lab in an-
ticipation of the need for close blood pressure and 
blood gas monitoring in the postoperative period. A 
4- Fr Angle Glidecath (Terumo, Somerset, NJ) with a 
0.035” Tigerwire (Abbott Cardiovascular, Plymouth, 
MN) were advanced prograde across the PDA. 
Angiograms were taken within the PDA and used for 
identifying the PDA anatomy and to obtain measure-
ments including the narrowest diameter and length, 
which was used to determine device size. Next, 

Table 1. Metrics Used to Determine the Iowa PDA Score

Marker 0 points 1 point 2 points

Mitral valve E- wave velocity, cm/s <45 45– 80 >80

IVRT, ms >50 30– 50 <30

PV D- wave velocity, cm/s <30 30– 50 >50

Left atrium/aorta ratio <1.3 1.3– 2.2 >2.2

LVO, mL/min per kg <250 250– 430 >430

Diastolic flow in descending aorta and/celiac/middle cerebral artery Forward Reversed

A PDA with a score of >6 is assumed to be hemodynamically significant. IVRT indicates isovolumic relaxation time; LVO, left ventricular outflow; PDA, patent 
ductus arteriosus; and PV, pulmonary vein.

Figure 1. Patent ductus arteriosus (PDA) closure algorithm.
The algorithm that is used in PDA closure at our institution. All ducts being considered for PDA closure undergo an initial preoperative 
assessment by the interventional cardiology and neonatal hemodynamics teams. Transcatheter PDA closure is performed by a team 
consisting of pediatric interventional cardiologists, pediatric cardiac anesthesiologists, pediatric neonatal intensivists, pediatric 
cardiothoracic surgeons, nurses, and technicians. Postoperative care is assumed by the neonatal intensivists and the neonatal 
hemodynamics team. IV indicates intravenous; and NICU, neonatal intensive care unit. Reproduced from McNamara et al15 with 
permission. Copyright ©2019 Elsevier.



J Am Heart Assoc. 2022;11:e025343. DOI: 10.1161/JAHA.122.025343 4

Shibbani et al High- Frequency Ventilation and PDA Closure

the glide catheter was removed over the wire and 
the piccolo delivery system (Amplatzer Torqvue LP 
catheter) advanced over the wire to the descending 
aorta. The Piccolo (Abbott Cardiovascular) device 
was prepared in the usual fashion and advanced 
through the introducer under fluoroscopic guidance 
to the end of the delivery system. The entire system 
was pulled back into the ductal ampulla before de-
ploying the device. The device was deployed within 
the ductus. With the device still attached, pulmonary 
artery angiography was performed in left anterior 
oblique and caudal projection for the PA camera and 
straight lateral for the lateral camera. The angiogram 
explored the device position to confirm intraductal 
placement and patency of the left pulmonary artery. 
Periprocedural transthoracic echocardiography was 
performed to assess the aorta and pulmonary ar-
tery patency, residual shunt, and gradients across 
the branch pulmonary arteries and the descending 
aorta. After satisfactory positioning was confirmed, 
the device was released followed by another tran-
sthoracic echocardiography assessment for the 
aforementioned sites in addition to the tricuspid 
valve.

Data Collection
Basic demographic information collected included birth 
weight, sex, and gestational age at birth. Information 
about PDA closure included age (age in days and 
gestational age) and weight at the time of procedure. 
Echocardiography information from the immediate 
precatheterization echocardiogram were collected and 
included ejection fraction, presence and severity of 
tricuspid regurgitation, presence or absence of atrial-  
and ventricular- level shunts, size of PDA, directionality 
of shunting across the PDA, maximum velocity of flow 
across the PDA, and presence or absence of descend-
ing aorta flow reversal. Similar metrics were collected 
from the echocardiogram obtained immediately after 
device placement with the addition of presence/ab-
sence of residual PDA flow, aortic stenosis, and branch 
pulmonary artery stenosis. Stenosis across the branch 
pulmonary arteries and the descending aorta was 
defined as a flow velocity of ≥2 m/s. In addition, we 

collected information about the type of ventilation. For 
patients on HFJV, ventilator settings just before trans-
port to the catheterization laboratory were compared 
with those 24 hours after return from the catheteriza-
tion laboratory. Settings within 1 hour before transport 
were designated as “precatheterization” settings, while 
settings 24 hours after return from the catheterization 
laboratory were designated as “postcatheterization” 
settings. Fraction of inspired oxygen (FiO2), jet peak 
inspiratory pressure (PIP), mean airway pressure, jet 
peak end- expiratory pressure, jet rate, intermittent me-
chanical ventilation, intermittent mechanical ventilation 
PIP, and intermittent mechanical ventilation inspira-
tory time were recorded. Respiratory severity score 
was calculated from these data and defined as mean 
airway pressure×FiO2. Data regarding success of the 
procedure, the size of the device used, procedure time 
(difference of time in minutes between sheath place-
ment and sheath removal), time off unit (time between 
departure from NICU and return to NICU), and access 
site were all collected. Finally, the total time spent on an 
HFJV ventilator, the time spent on HFJV following the 
procedure, the need to initiate milrinone following the 
procedure, and the length of time on milrinone were 
also collected.

Outcomes
The primary outcome was successful device place-
ment. Secondary outcomes included procedure time, 
fluoroscopy time and dose, time off unit, device com-
plications (embolization, aorta, or left pulmonary artery 
obstruction, tricuspid valve injury, and residual shunt/
hemolysis), the need for escalation in respiratory sup-
port, the rate of pneumothorax or need for resuscita-
tion, and 7- day survival.

Statistical Analysis
A convenience sample size was chosen to provide 
preliminary hypothesis- generating data. Descriptive 
analyses were performed on the total population. 
Normality of the data was assessed using the Shapiro- 
Wilk test. Comparison between the HFJV cohort and 
a small cohort of patients managed with conventional 

Table 2. High- Frequency Jet Ventilator Adjustment Strategy

Event Response

Hypercapnia (Pco2>60 mm Hg) Increase jet PIP by 1– 2 to decrease Pco2 by 2– 4 mm Hg. Increase jet PIP by 2– 4 to decrease 
Pco2 by 5– 8 mm Hg.

Hypocapnia (Pco2<35 mm Hg) Decrease jet PIP by 1– 2 to increase Pco2 by 2– 4 mm Hg. Decrease jet PIP by 2– 4 to increase 
Pco2 by 5– 8 mm Hg.

To improve oxygenation Increase jet PIP and PEEP by 1– 2 at the same time.
Jet inspiratory time is fixed at 0.02 ms. Jet rate ranges from 240 to 600. Increase in jet rate can 
improve both oxygenation and ventilation.

Pco2 indicates partial pressure of carbon dioxide; PEEP, peak end- expiratory pressure; and PIP, peak inspiratory pressure.
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mechanical ventilation (CMV) was done via the Mann- 
Whitney test. The Wilcoxon signed- rank test was used 
to compare within- patient data, namely, the FiO2, 
mean airway pressure, and the respiratory support im-
mediately before and 24 hours after catheterization for 
the HFJV cohort.

RESULTS
Demographics
In total, 38 patients underwent PDA device closure, 
of whom 29 (76.3%) were managed using HFJV 
and 9 (23.7%) managed on CMV (Table 3). The co-
hort included 26 male and 12 female patients. The 
median weight and gestational age at birth for neo-
nates undergoing PDA closure on HFJV were 650 
g (interquartile range [IQR], 570– 825) and 24 weeks 
(IQR, 23– 26  weeks), respectively. The median age 
and weight at intervention for the HFJV cohort were 
32 days (IQR, 25– 35 days) and 1115 g (IQR, 885– 1310 
g). The smallest patient that underwent device clo-
sure was 705 grams (Figure 2). All patients had evi-
dence of moderate- high- volume exclusive left- to- right 
PDA shunts with a median PDA score of 8 across the 
entire cohort (IQR, 7– 9). There was descending aortic 
flow reversal seen in 27 patients (71%). The median 
number of medical therapies attempted before tran-
scatheter PDA occlusion was 3 attempts (IQR, 2– 3.75 
attempts).

Primary Outcome
The success rate for device placement was 100% for 
the entire cohort.

Secondary Outcomes
Survival and Complications

Seven- day survival was 100%. Only 1 patient died, 
2 months after the procedure, from an unrelated sepsis 
episode. There were no device- related adverse events.

Cardiac Catheterization Metrics

For the HFJV cohort, median procedure time was 
32 minutes (IQR, 29– 42 minutes), median fluoroscopy 
time was 4.5  minutes (IQR, 3.55– 6.3  minutes), and 
median fluoroscopy dose indexed by body surface 
area was 29.40  mGy.cm2 (IQR, 19.70– 38.50  mGy.
cm2). Femoral access was successfully obtained in all 
patients. Median time off unit was 109  minutes (IQR, 
100– 125 minutes) for the HFJV cohort. The PDA was 
successfully closed in all 38 patients (100%). There 
was complete resolution of flow across the PDA within 
24 hours in 36 patients (95%). There was evidence of a 
residual trans- device flow in 2 patients on the immediate 
postprocedural echocardiogram, which had completely 
resolved within 1 month in both instances and was not 
associated evidence of hemolysis seen during this time 
period. Device size varied between 3– 2 (16 patients, 
42%), 4– 2 (20 patients, 52.5%), and 4– 4 (2 patients, 
5.5%). There was neither left pulmonary artery nor de-
scending aortic stenosis or tricuspid valve injury noted.

Critical Care Metrics

There were no episodes of pneumothorax, need for 
resuscitation, or use of inhaled nitric oxide in the entire 
cohort. All patients on HFJV were exclusively managed 
on this mode of ventilation for the entire procedure, 
and none required rescue conventional ventilation. In 

Table 3. Demographics

All HFJV CMV P value

Total number of patients, n (%) 38 (100) 29 (76.3) 9 (23.7)

Male, n (%) 26 (68) 18 (62) 8 (89) >0.05

Median PDA score (IQR) 8 (7– 9) 8 (6.5– 9) 7 (5.5– 9.5) >0.05

Median number of medical therapies 3 3 3

Median gestational age at birth in 
weeks (IQR)

24.5 (23– 26) 24 (23– 26) 25 (24– 26) >0.05

Median weight at birth in grams (IQR) 679 (580– 882) 650 (570– 825) 810 (750– 900) >0.05

Median age at catheterization in days 
(IQR)

32 (25.25– 42) 32 (25– 35) 42 (31– 43) >0.05

Median weight at catheterization in 
grams (IQR)

1125 (909– 1350) 1115 (885– 1310) 1313 (1025– 1755) >0.05

Device size, n (%)

3– 2 16 (42) 15 (52) 1 (11)

4– 2 20 (53) 12 (41) 8 (89)

4– 4 2 (5) 2 (7) 0

Table highlighting the demographic data of the entire population and showing the differences between the HFJV group and the CMV group. CMV indicates 
conventional mechanical ventilation; HFJV, high- frequency jet ventilation; IQR, interquartile range (25th, 75th percentile); and PDA, patent ductus arteriosus.
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addition, all these patients were maintained on HFJV 
after the procedure. When comparing HFJV before and 
after catheterization respiratory support, we found that 
patients on the HFJV had lower mean airway pressure 
24 hours after catheterization (12.5±2.2 mm Hg versus 
11.7±2.2 mm Hg; P<0.05) but higher mean FiO2 24 hours 
after catheterization (44.2±16.6% versus 48.8±15.4%; 
P<0.05). Subsequently, there was no significant differ-
ence in mean respiratory severity score (mean airway 
pressure ×FiO2 5.7±2.6 versus 5.9±2.6; P>0.05). Seventy- 
three percent of our HFJV cohort required milrinone within 
4 days of cardiac catheterization, though in most cases 
treatment was started within 24 hours after catheteriza-
tion. Median length of time on milrinone was 21 hours 
(IQR, 0– 39 hours) for the HFJV cohort. Indications to start 
milrinone outside of the immediate perioperative period 
(n=23) included sustained systemic hypertension with 
worsening oxygenation. In total, patients spent a median 
of 49 days (IQR, 44.5– 57 days) on an HFJV, most of that 
spent before catheterization. Indeed, the median time re-
quired to deescalate patients from HFJV after catheteriza-
tion was 13 days (IQR, 7.5– 24 days).

Comparison of HFJV Group to CMV 
Group
A small portion of our cohort (9 patients; 23.7%) un-
derwent transcatheter PDA closure on CMV. Median 

gestational age at birth (24 weeks [IQR, 23– 26 weeks] 
versus 25 weeks [IQR, 24– 26 weeks]; U=81; P>0.05), 
weight at birth (650 g [IQR, 570– 825 g] versus 810 
g [IQR, 750– 900 g]; U=84; P>0.05), age in days at 
time of catheterization (32  days [IQR, 25– 35  days] 
versus 42  days [IQR, 31– 43  days]; U=91; P>0.05), 
and weight at the time of catheterization (1115 g [IQR, 
885– 1310 g] versus 1313 g [IQR, 1025– 1755 g]; U=76; 
P>0.05) were not different between the 2 groups 
(Table 3). From a procedural standpoint, median time 
off unit (109 minutes [IQR, 100– 125 minutes] versus 
121 minutes [IQR, 92– 163 minutes]; U=103; P>0.05) 
and median procedure time (32  minutes [IQR, 29– 
42  minutes] versus 38  minutes [IQR, 33– 47  min-
utes]; U=95; P>0.05) were comparable between 
groups. Interestingly, median fluoroscopy time was 
shorter for the HFJV cohort (4.5 minutes [IQR, 3.6– 
6.3  minutes] versus 6.1  minutes [IQR, 5.3– 8.3  min-
utes]; U=64; P<0.05) and median fluoroscopy dose, 
though not statistically significant, favored a smaller 
dose of fluoroscopy for the HFJV cohort (29.4 mGy.
cm2 [IQR, 19.7– 38.5  mGy.cm2] versus 56.0  mGy.
cm2 [IQR, 32.9– 58.9 mGy.cm2], U=78, 0.1>P >0.05). 
Both cohorts had rates of milrinone requirement after 
catheterization that where not statistically significant 
at 63% for the HFJV cohort and 71% for the CMV 
cohort (Table 4). Finally, the median length of time on 
milrinone was not statistically significant between the 

Figure 2. Weight distribution of high- frequency jet ventilation (HFJV) cohort.
Weight distribution (weight at cardiac catheterization and weight at birth) of all patients undergoing patent ductus arteriosus (PDA) 
closure while on (HFJV). Weight at device closure ranged from 705 g to 1935 g. Weight at birth ranged from 410 g to 1131 g.
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2 groups (24 hours for HFJV [IQR, 21– 48 hours] ver-
sus 51.5 hours for CMV [IQR, 27.5– 68 hours]; U=35; 
P>0.05).

DISCUSSION
The presence of a PDA has been associated with vari-
ous morbidities as well as an increase in mortality in 
preterm infants.2,16,17 Infants who require interventional 
closure represent the subgroup of infants with ELBW 
with greatest ventilator requirements, most likely be-
cause of the consequences of prolonged shunt ex-
posure.18 In some centers, premature infants born as 
early as 22 weeks are routinely placed on HFJV19 to 
minimize volutrauma. There are limited data regard-
ing the feasibility, safety, and outcomes of HFJV as the 
primary strategy during transcatheter PDA closure in 
premature infants. In this pilot observational study, we 
demonstrated that transcatheter PDA closure is both 
safe and feasible in infants with ELBW managed using 
HFJV.

Rates of successful transcatheter PDA closure in 
premature infants has been reported between 81% 
and 100%.20– 23 Our data are consistent with prior lit-
erature. Specifically, our universal success rates in 
device placement suggests that HFJV does not com-
promise rates of successful device placement. Our 
data further suggests that this is a safe ventilation 
strategy with no recorded episodes of pneumothorax 
and a 100% 7- day survival rate. There was no need 
for escalation in respiratory care after PDA closure 
with a comparable pre-  and post- PDA ligation respi-
ratory severity score. Prior data about the use of HFJV 
during cardiac catheterization procedures are limited. 
Studies that have appraised the safety and efficacy of 
this ventilation strategy in the catheterization laboratory 
have focused on adults undergoing electrophysiology 
procedures and have found it to be advantageous.24– 27 
The proposed characteristics that lend themselves 
to making HFJV a successful ventilation strategy for 

electrophysiology procedures, namely, the low- volume 
breaths that minimize respirophasic cardiac excur-
sion27 and potentially stabilize the heart,24,28 could 
theoretically assist in transcatheter PDA closure and 
could, in part, explain the high success rate in our co-
hort. One would expect that such a stabilizing effect 
would be particularly important in infants with ELBW 
where PDA size can be exceptionally small.

The concern that HFJV could compromise angio-
graphic and echocardiographic guidance of transcath-
eter PDA closure could explain some of the hesitation 
around performing transcatheter PDA closure on pa-
tients maintained on HFJV. Our experience has been 
quite contrary to that with no limitation noted on the 
utility of transthoracic echocardiography guidance 
during PDA closure (Figure  3). Similarly, we found 
HFJV did not compromise the quality of angiograms 
obtained during PDA closure (Figure 4).

Interestingly, we noted lower mean airway pressure 
24 hours after PDA closure, likely related to the cumu-
lative effects of elimination of PDA- related pulmonary 
overcirculation with subsequent decrease in pulmo-
nary edema and our standardized approach to post-
procedural hemodynamic care. The strict institutional 
protocols implemented by the NICU and anesthesia 
teams at our institution are likely the primary driver of 
the near- absent morbidity/mortality of transcatheter 
PDA closure in this population. While these data are 
promising, they should not be interpreted as superior-
ity in either form of ventilation strategy.

In our cohort, patients on HFJV received a me-
dian radiation dose of 1.75 mGy (IQR, 1.23– 2.7 mGy) 
and a median dose area product of 29.40  mGy.cm2 
(IQR, 19.70– 38.50  mGy.cm2). These values are less 
than prior studies of transcatheter PDA closure in in-
fants with ELBW,9 where reported mean radiation was 
1278.9 mGy.cm,2,29 and studies of a similar procedure 
in children ranging in age from 0 to 17.6 years of age, 
where reported mean radiation dose area product 
in that population was 1010 mGy.cm.2,30 This reduc-
tion in radiation exposure is likely the result of several 

Table 4. Metrics of Cardiac Catheterization for HFJV vs CMV

HFJV (IQR) CMV (IQR) P value

Median time off unit, min 109 (100– 125) 121 (92– 163) >0.05

Median procedure time, min 32 (29– 42) 38 (33– 47) >0.05

Median fluoroscopy time, min 4.5 (3.6– 6.3) 6.1 (5.3– 8.3) <0.05

Median fluoroscopy dose, mGy.cm2 29.4 (19.7– 38.5) 56 (32.9– 58.9) >0.05

Patients requiring milrinone after PDA 
closure, %

63 71 >0.05

Median time on milrinone after PDA 
closure, h

24 (21– 48) 51.5 (27.5– 68) >0.05

Comparison of cardiac catheterization metrics between the HFJV group and the CMV group. Only the fluoroscopy time was significantly different between 
the times, with the HFJV group have shorter fluoroscopy times. CMV indicates conventional mechanical ventilation; HFJV, high- frequency jet ventilation; IQR, 
interquartile range (25th, 75th percentile); and PDA, patent ductus arteriosus.
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Figure 3. Comparison of echocardiographic images obtained during transcatheter patent ductus arteriosus (PDA) closure 
on conventional mechanical ventilation (CMV) and high- frequency jet ventilation (HFJV).
Top –  Echocardiographic images obtained from a patient onCMV. (A) Two- dimensional arch view, PDA (*) takeoff seen from 
descending aorta. (B) With color, left (L) to right (R) shunting across the PDA is noted. (C) Two- dimensional 3- finger view showing PDA 
(*), descending aorta, left pulmonary artery (¥), and right pulmonary artery (§). (D) Three- finger view in color showing L to R shunting 
across the PDA with aliasing of flow toward the pulmonary end. (E) Two- dimensional arch view showing the device (¤) in good position. 
(F) Arch view in color showing no flow across the device. Bottom –  Echocardiographic images obtained from a patient on HFJV. (A) 
Two- dimensional arch view, PDA (*) takeoff seen from descending aorta. (B) With color, left (L) to right (R) shunting across the PDA is 
noted. (C) Two- dimensional 3- finger view showing PDA (*), descending aorta, left pulmonary artery (¥) and right pulmonary artery (§). 
(D) Three- finger view in color showing L to R shunting across the PDA. (E) Two- dimensional arch view showing the device (¤) in good 
position. (F) Arch view in color showing no flow across the device.



J Am Heart Assoc. 2022;11:e025343. DOI: 10.1161/JAHA.122.025343 9

Shibbani et al High- Frequency Ventilation and PDA Closure

mitigation strategies used in our catheterization labora-
tory including the use of lower frame rates (7.5 frames/s) 
and collimation. In addition, our median fluoroscopy 
time of 4.5 minutes is shorter than comparable studies 
where reported mean fluoroscopy exposure duration 
was ranged from 4.99 to 12.9  minutes.9 This could 
also be contributing to the lower radiation dose in our 
cohort.

Subgroup analysis, comparing the HFJV group to 
the CMV group, showed comparable demographic 
characteristics. Interestingly, fluoroscopy time was 
shorter in the HFJV group. The difference in fluoros-
copy dose did not reach statistical significance, al-
though the specific dose received by patients in the 
HFJV group was close to 50% lower. These observa-
tions could be explained, in part, by the stability of the 
patients on HFJV that is achieved through adhering to 
a standardized preprocedural protocol that is followed 
in our NICU as part of the medical optimization of these 

premature infants before transcatheter PDA closure 
(refer to Data S1 for said protocol). Another possible 
explanation for this observation is that use of HFJV al-
lows for quicker procedures similar to the effect noted 
in adult studies assessing HFJV for ablation studies. 
There was no intergroup difference in average time 
off unit. Interestingly, the longest time off unit was a 
patient who was converted from HFJV to CMV a few 
days before the procedure and subsequently required 
adjustment of his ventilator in the catheterization labo-
ratory because of suboptimal gases. The results of this 
study highlight the ability to perform transcatheter PDA 
closure on HFJV safely, obviating the need to transi-
tion patients to conventional ventilation before the PDA 
device closure and potentially avoiding such delays. 
These data are particularly reassuring considering the 
learning curve for transporting patients on HFJV, suc-
cessful device placement, and using HFJV in the car-
diac catheterization laboratory.

Figure 4. Angiograms obtained for a patient on high- frequency jet ventilation during transcatheter 
patent ductus arteriosus (PDA) closure.
Angiograms are from the same patient whose transthoracic echocardiography images are shown in 
Figure 3 Panel 2. (A) A catheter is positioned in the PDA, which is engaged from the pulmonary side. 
A lateral angiogram shows contrast filling a type E PDA and the descending aorta. (B) Measurements 
of the aortic ampulla, the narrowest portion of the PDA, and the length of the PDA are obtained. (C) 
After intraductal deployment of a 3– 2 Piccolo device (Abbott Cardiovascular, Plymouth, MN), an anterior 
angiogram shows wide- open pulmonary arteries. (D) A lateral angiogram with contrast injected into the 
main pulmonary artery showing a closed PDA with no contrast into the descending aorta.

A B

C D
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Limitations
Our study has several important limitations. First, the 
groups were not randomized, and the study was not de-
signed to assess differences between the 2 modes of 
ventilation. As such, clinical effectiveness data between 
the HFJV and CMV groups should be cautiously inter-
preted. Nevertheless, side- by- side comparison provides 
some insight into the performance of transcatheter- 
based PDA closure on HFJV as compared with a more 
conventional method of ventilation and at least demon-
strates noninferiority. Second, our sample size is small. 
Third, we were unable to extract any documentation of 
access attempts and or time needed to obtain access. 
Both metrics are of interest and are now part of our docu-
mentation for premature infants undergoing transcathe-
ter PDA closure. Fourth, the translatability of our success 
to other centers with less experience in use of HFJV and 
without a targeted neonatal echocardiography– guided 
approach to left ventricular support, is unknown. Finally, 
the long- term impact of a periprocedural ventilation 
strategy on adverse respiratory outcomes such as bron-
chopulmonary dysplasia or chronic pulmonary hyper-
tension was not evaluated. The comparable respiratory 
course after intervention would suggest no increased 
risk for infants managed with HFJV.

CONCLUSIONS
HFJV is the standard of care at our center. We sought 
to assess the feasibility, safety, and outcomes of 
transcatheter PDA closure for premature infants on 
HFJV. Our study provided novel insight and demon-
strated safe and effective transcatheter PDA closure 
in infants on HFJV. Although preliminary, these data 
suggest that a first- intention HFJV approach is as-
sociated with excellent short- term outcomes, does 
not lead to secondary complications, and in some 
respects may be superior to conventional ventilation. 
Confirmatory evidence is best obtained through a 
well- designed randomized controlled trial on HFJV 
versus CMV.
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Pre-procedural medical optimization: Pre-procedural care is standardized in the NICU. A chest 

radiograph is performed on the morning of the procedure to verify endotracheal tube 

placement as well as lung recruitment and central lines. Prior to transportation to the 

catheterization laboratory, the infant is started on a morphine infusion and given a dose of 

lorazepam (0.1 mcg/kg) for sedation and vecuronium (0.1 mcg/kg) for muscle relaxation. A 

blood gas (arterial or capillary) is obtained 15-30 minutes after such that ventilator adjustments 

can be made prior to mobilization. Once HFJV settings are optimized, the infant is transported 

to the catheterization lab accompanied by a multidisciplinary team including bedside nurse, 

respiratory therapist and an advanced neonatal-perinatal fellow. The infant is transported in an 

overbed, connected to the ventilator at all times. A member of the NICU medical team and the 

respiratory therapist remain for the duration of the PDA catheter procedure and interact 

closely with the anesthesia team to optimize ventilator settings, if necessary, throughout the 

case. 

 

Periprocedural Stabilization: For patients identified as needing transcatheter PDA closure, a 

stress dose of hydrocortisone is given on the morning of the procedure (1-2 mg/kg intravenous 

load followed by 0.5 mg/kg every 6 hours for 24-72 hours). In addition, TnECHO is routinely 

performed within 24 hours prior to the procedure to confirm ductal status. Repeat TnECHO 

evaluation is performed 1 hour after PDA closure to evaluate risk for post-interventional left 

ventricular (LV) dysfunction due to altered loading conditions. Patients with LV output of less 



than 180 ml/kg/min and/or features of abnormal LV systolic or diastolic performance are 

started on prophylactic milrinone infusion (0.33 mcg/kg/min for infants >1kg or 0.2 mcg/kg/min 

for infants <1kg). Dose is augmented in patients with progressive systemic hypertension and/or 

impaired oxygenation/ventilation. Infants with persistence evidence of low cardiac output or 

systemic hypotension despite milrinone infusion are started on either a dobutamine infusion 

(5-10 mcg/kg/min) or a low dose epinephrine infusion (0.01-0.03 mcg/kg/min). Infants that 

show evidence of diastolic hypotension are first given a fluid bolus, and then started on 

vasopressors if there is no improvement. 

 

TnECHO evaluation: A Vivid E90 cardiovascular ultrasound system (GE Medical Systems, 

Milwaukee, Wisconsin, USA) is used to perform the TnECHO. The 12-MHz high-frequency 

phased-array transducer probe is used throughout the study. Standard two-dimensional, M-

mode, color Doppler, pulse-wave Doppler, and continuous-wave Doppler images were 

obtained. All echocardiography analyses were performed using a dedicated workstation 

(EchoPAC version BT10; GE Medical Systems) by a single trained investigator, who was blinded 

to the clinical information, to minimize bias. Three consecutive cardiac cycles were evaluated 

and averaged for each measurement to be used in the study. 
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