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High-frequency ventilation is commonly utilized with neonates and with children with severe respira-
tory failure. Both high-frequency oscillatory ventilation (HFOV) and high-frequency jet ventilation
(HFJV) are used extensively in neonates. HFJV can also be used in older, larger children. The pur-
pose of this narrative review is to discuss the physiologic principles behind HFJV, examine the evi-
dence supporting its use in neonatal and pediatric ICUs, give meaningful guidance for clinical
application, and highlight potential areas for future research. Key words: high-frequency jet ventila-
tion; pediatric; neonate; mechanical ventilation, review,; high-frequency jet ventilation. [Respir Care
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Introduction

Respiratory failure is a common cause of admission to
the neonatal ICU or pediatric ICU.'~ Most infants and chil-
dren with respiratory failure can be supported using
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conventional mechanical ventilation; however, those with
lower gestational age and more severe respiratory disease
may benefit from high-frequency ventilation.*> High-fre-
quency oscillatory (HFOV) ventilation and high-frequency
jet (HEJV) have been used extensively as lung-protective
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strategies in premature neonates with severe respiratory
failure.> Available data comparing HFOV and HFJV in
premature neonates have not shown the superiority of either
modality.” While HFJV use for neonates is relatively com-
mon, it has also been successfully used in older infants.>’

Despite the lack of high-quality evidence, the use of
HFJV may be increasing as there have been a number of
single-center experiences published since 2015.5'? The
purpose of this review is to discuss the physiologic princi-
ples behind HFJV, examine the evidence supporting its use
in neonatal and pediatric ICUs, give meaningful guidance
for clinical application, and highlight potential areas for
future research.

Physiology of Jet Ventilation

High-frequency ventilation has some theoretical advan-
tages over conventional mechanical ventilation, although
published literature has shown conflicting results in patient
outcomes.”*'® Due to ultrashort inspiratory times (Ty), tidal
volume (V) is less than anatomic dead space (1-3 mL/kg)
during high-frequency ventilation. This results in a significant
attenuation between the pressure at the airway and the pres-
sure at the alveolar level.” While both HFOV and HFJV
share this general principle, there are important differences
between modalities. During HFOV, both inhalation and exha-
lation are active processes controlled by the ventilator.”®

Table 1.  Differences Between HFOV and HFJV

Inspiratory to expiration time is usually kept constant at 33%,
although this ratio can be changed to affect CO, clearance.
During HFJV, exhalation is passive and dependent upon the
rate (ie, cycles or breaths/min), Ty, and inspiratory to expira-
tory (:E) ratio. Some key differences between HFOV and
HFJV are summarized in Table 1.

HFJV delivers high-velocity gas through an electronically
activated pinch valve and provides a nearly continuous
stream of fresh gas to the alveoli. The resulting PIP is attenu-
ated throughout the respiratory system and theoretically
results in a reduction in alveolar pressure.'**' The HFJV rate
can be set between 240 and 660 cycles/min, or 4-11 Hz,
with a set T; between 0.02 s and 0.034 s. Increasing the Ty
results in a larger Vr and a reduction in the I-E ratio. To pre-
vent gas-trapping, the HFJV rate may need to be reduced
when T; is increased to allow adequate exhalation time.
Mean airway pressure (P,y,) is controlled by a conventional
ventilator in tandem with the HFJV ventilator, with PEEP
being supplied by the conventional ventilator. During HFJV,
PEEP is the primary determinant of Py, and recruitment
breaths (also known as the backup rate or sigh breaths) are
supplied, generally at a rate of 05 breaths/min.

HFJV has some theoretical advantages over HFOV due
to the flow streaming created by the solenoid pinch valve.
The “jet” of gas is inserted into the endotracheal tube via a
special adapter (Figure 1). The steady stream of jet pulses
down the center of the airway results in a continuous stream

HFOV

HFJV

Parameter
Fresh gas delivery
controlled piston
Intermittent active
Generally fixed at 33%
Set by machine

Exhalation
I-E ratio
Mean airway pressure

Adjusted in increments of 1-2 cm H,O

Peak pressure
mechanics
Titrating parameters

Increase ventilation — in order of adjustments  Cuff deflation (partial or complete)
Increase power (amplitude)

Decrease Hertz

Increase inspiratory time percentage

Decrease ventilation Increase Hertz

Decrease inspiratory time percentage
Decrease power (amplitude)

HFJV = high-frequency jet ventilation

HFOV = high-frequency oscillatory ventilation
L:E ratio = inspiratory-expiratory ratio

PIP = peak inspiratory pressure

Determined by amplitude of oscillations and lung

Generated by constant bias flow and electronically ~ Solenoid, electronically controlled pinch valve to

create a jet of fresh gas into the trachea
Continuous passive
Adjustable to desired I-E ratio
Primarily controlled by PEEP and backup rate on
conventional ventilator
PEEP is adjusted in increments of 1-2 cm H,O
Set slightly above PIP on conventional mechanical
ventilation and adjusted to desired “wiggle”

Cuff deflation (partial or complete)

Increase delta pressure by increasing PIP

Increase inspiratory time

Adjust rate — rate may need to be decreased in
patients with increased airway resistance

Decrease PIP

Decrease inspiratory time if > 0.02 s

Decrease rate
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Fig. 1. High-flow jet ventilation endotracheal tube adapter. Courtesy
of Bunnell.
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Fig. 2. Mechanics of gas exchange during high-flow jet ventilation.
HFJV = high-frequency jet ventilation; CMV = conventional me-
chanical ventilation.

of exhaled air up the sides of the airways (Figure 2). This
continuous passive exhalation makes HFJV excellent at
CO, elimination, which may be particularly useful for dis-
ease processes with impaired ventilation. This can allow for
improved ventilation at lower Py, an important considera-
tion for patients with air leak or who have hemodynamic
compromise from elevated P,,. Furthermore, the flow
streaming of exhaled gas along the walls of the airways the-
oretically assists with secretion clearance, pushing mucus
up and out of the airways.
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Additional advantages of HFJV over HFOV is the pair-
ing of HFJV with a conventional ventilator, which allows
for easy assessment of pulmonary mechanics as HFJV can
be paused while the patient is ventilated using only the con-
ventional ventilator. Differences in pressure attenuation
during HFOV and HFJV are illustrated in Figure 3. This
setup also allows rapid transition back and forth between
HFJV and conventional ventilator, although it requires 2
ventilators to remain at the bedside. Finally, the HFJV ven-
tilator provides excellent monitoring of airway pressures
through the port at the endotracheal tube connector, assist-
ing clinicians in titration of ventilator settings. A significant
limitation to HFJV is that the only commercially available
jet ventilator can rarely provide the necessary power to ven-
tilate infants above ~ 10 kg. It is this commercial ventilator
from Bunnell (Salt Lake City, Utah) that we will discuss
regarding titration of settings.

Settings and Technical Considerations

HFJV requires a separate ventilator that is approved by
the U.S. Food and Drug Administration for use in neonates
= 28 d of age. The conventional mechanical ventilator is
used in tandem with the HFJV ventilator and provides
PEEP, a set breathing frequency, a set peak inspiratory
pressure (PIP), and a set T;. The HFJV ventilator allows
separate settings for jet PIP, T}, and breathing frequency
(ie, breaths/min). Fip, needs to be set the same on both
ventilators.

When initiating HFJV in premature neonates, initial PIP
is usually started slightly above (ie, 2-5 cm H,0 above) the
PIP on the conventional ventilator and adjusted for “appro-
priate” chest wiggle.'* For patients in the pediatric ICU, the
initial PIP may be set in a similar manner, although larger
patients may require a high (~ 40 cm H,O) initial PIP.*®
Attenuation of the PIP through the large airways and bron-
chi results in lower pressure in the terminal airways and
alveoli. Once initial PIP is determined, it is usually adjusted
in increments of 1-2 cm H,O to achieve acceptable P,co,
and pH levels. The maximum PIP is 50 cm H,0, a level
rarely reached in premature neonates but is commonly
required in larger infants or in the pediatric ICU.®* Patients
not meeting clinical ventilation targets at a PIP of 50 cm
H,0 may require transition to HFOV or extracorporeal
membrane oxygenation (ECMO), although increasing the
Ty may also improve ventilation.

HFIJV rate is usually set based on the patient’s size and
disease state, with neonates usually initiated at 420
breaths/min."> In the pediatric ICU, the rate is usually
started between 360—420 breaths/min.” For patients with
increased airway resistance, the HFJV rate may need to be
reduced further to allow for an increased expiratory time
and avoid gas-trapping.® The HFJV rate is adjusted to pre-
vent intrinsic PEEP, which is usually determined to be
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Fig. 3. Comparison of pressure attenuation between high-flow oscillatory ventilation (HFOV) and high-flow jet ventilation (HFJV).
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Fig. 4. Pressure scalar of high-frequency jet ventilation pressure
measured at the patient’s airway.

present if the PEEP measured by the HFJV ventilator is =
1-2 cm H,O greater than the set PEEP on the conventional
ventilator, although this threshold varies between
centers.'?

Following PIP, T; is the largest determinant of Vr, with
longer T; delivering larger HFJV V. T; during HFJV in
premature neonates is started at 0.02 s and is rarely
increased unless the PIP is high with elevated P,co, lev-
els.'” In larger pediatric patients, a T; of 0.03 s may be used
to increase Vr but will likely also require a lower HFJV
rate to maintain the I-E ratio and prevent intrinsic PEEP
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Fig. 5. Schematic of conventional ventilator and high-flow jet venti-
lator (HFJV). Courtesy of Bunnell.

Jet circuit

due to gas-trapping.® The majority of patients receiving
HFJV do not need to have the Ty adjusted during HFIV
unless ventilation goals cannot be achieved.

The conventional ventilator provides PEEP (the primary
determinant of P, during HFJV) and backup or sigh
breaths for lung recruitment, illustrated in Figure 4. The set-
tings used on the conventional ventilator are generally a set
breathing frequency of 05 breaths/min, PEEP adjusted to
the desired P,,,, and PIP set below the HFJV PIP and within
the lung-protective range (ie, = 28 cm H,O). As the backup
rate is increased, the risk of gas-trapping and intrinsic
PEEP also increases. The conventional PIP needs to be
kept below the HFJV PIP or the conventional breath will
interrupt HFJV delivery. The conventional recruitment or
sigh breaths are used to improve oxygenation through lung
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Table 2.  Differences Between Neonatal and Pediatric HFJV Management
Parameter Neonatal ICU Pediatric ICU

Initial PIP, cm H,O 26-30 35-50
Breathing frequency, breaths/min 420 360420
Paw, cm H,0 Equal to conventional mechanical ventilation Equal to conventional mechanical ventilation
Inspiratory time, s 0.02 0.02-0.03
Conventional mechanical ventilation

Breathing frequency, breaths/min 0-5 3-8

PIP, cm H,O 3-5 below HFJV PIP 3-5 below HFJV PIP

Inspiratory time, s 0.3-0.5 0.5-0.7

PIP = peak inspiratory pressure
P,w=mean airway pressure

recruitment if unable to decrease Fjo, or during acute
desaturation events.'? In air leak syndromes or in other
cases where lung protection is of paramount concern,
the ideal lung-protective strategy during HFJV would
be a conventional rate set at O breaths/min. If unable to
decrease the conventional rate, consider increasing the
P, by increasing PEEP. There are no published meth-
ods to adjust PEEP during HFJV, and it must be done
empirically. A schematic of the conventional ventilator
and HFJV ventilator is shown in Figure 5.

Servo pressure is measured by the HFJV and is dis-
played on the ventilator and is measured in pressure per
square inch (psi). The servo pressure reflects the amount
of energy (pressure) the ventilator needs to use to deliver
the set PIP. Functionally, if settings are held constant,
servo pressure is directly proportional to the amount of
lung being ventilated. As such, servo pressure is an im-
portant parameter to monitor as changes in servo pres-
sure can indicate changes in lung mechanics, lung
recruitment, and patient status. An increase in servo
pressure could be related to improved lung compliance,
recruitment of atelectatic lung units, decreased airway
resistance, increasing leak around the artificial airway,
non-tension pneumothorax, or endotracheal tube dislodge-
ment. Conversely, a decrease in servo pressure could be the
result of secretions, worsening lung compliance, an increase
in airway resistance, tension pneumothorax, endotracheal
tube malposition, or obstructed/kinked endotracheal tube.
Importantly, servo pressure will also increase or decrease
based on the set PIP and delta pressure.

The specialty endotracheal tube adapter can be used
with both cuffed and uncuffed endotracheal tubes. The
adapter continuously measures P,,, PEEP, and PIP at
the patient’s airway. This monitoring capability pro-
vides high-quality measurements that can assist clini-
cians in titrating settings and has been used in bench
research due to its accuracy.?? Differences between
HFJV use in neonatal ICU versus pediatric ICU are
summarized in Table 2.
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Studies of HFJV in the Neonatal ICU

Systematic Reviews and Randomized Controlled
Trials

HFJV has been used as a rescue mode and as a preemptive
strategy in neonates.'* A Cochrane review and meta-analysis
of a single study concluded that there was insufficient evi-
dence to support HFJV as a rescue mode in neonates.® The
initial randomized controlled trial (RCT) by Keszler et al,®
performed in 1991, randomized 144 infants = 750 g with
pulmonary interstitial emphysema to HFJV or conventional
ventilation. The primary outcome was resolution of pulmo-
nary interstitial emphysema. The control group received a
PEEP = 5 cm H,O0, set rate during intermittent mandatory
ventilation of 60—100 breaths/min, and a PIP guided by chest
rise and gas exchange. The HFJV group was managed with a
PIP 10-20% below the PIP on conventional ventilator.
There was no difference in mortality between the groups;
however, after excluding those who crossed over from con-
ventional ventilation to HFJV, there was a difference in sur-
vival (65% for HFJV vs 47% for conventional ventilation).
This benefit was driven by large differences in outcomes for
infants weighing 1.0-1.5 kg. HFJV resulted in similar gas
exchange with lower P,,, and PIP, yet pulmonary interstitial
emphysema resolved faster in the HFJV group.”® This trial
provided low-quality evidence as it predates the routine use
of surfactant replacement therapy and antenatal steroids, and
subjects in the conventional ventilator group received a higher
PIP (> 30 cm H,0O) than is currently used, as many centers
will now consider transition to high-frequency ventilation
when the conventional ventilator PIP reaches 25 cm H,0.!2

The second study by Keszler et al,* published in 1997,
compared HFJV to conventional ventilation in premature
neonates with respiratory distress syndrome.** Conventional
ventilator management was uncontrolled but was generally
delivered with a breathing frequency of 30-60 breaths/min
and PIP high enough to provide adequate chest rise. Gas
exchange targets were pH 7.25-7.40, Pyco, 3545 mm Hg,
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and P,o, 50-80 mm Hg. The investigators used an HFJV
strategy with PIP equal to the pre-HFJV PIP on conventional
ventilation, PEEP 0.5-2 cm H,O above conventional ventila-
tion; other settings were not described. The authors reported
reductions in bronchopulmonary dysplasia and need for
home oxygen, although there were no differences in sur-
vival.* This trial was significantly limited by protocol devia-
tions and the decision to create different HFJV groups after
the trial was completed instead of analyzing outcomes based
on intention-to-treat principles. Additionally, this trial was
performed prior to the implementation of lung-protective
ventilation strategies such as permissive hypercapnia and
limiting plateau pressure. In addition, more subjects in the
HFJV low group (defined as initiation of HFJV without an
increase in set PEEP of = 1 cm H,O) had severe intraven-
tricular hemorrhage or periventricular leukomalacia, while
other outcome measures were similar.

Engle et al*® conducted a small RCT (HFJV = 11, con-
ventional ventilation = 13) comparing HFJV to a high-fre-
quency conventional ventilator strategy in infants with
persistent pulmonary hypertension. PIP in the conventional
ventilator group in this study was 38 cm H,O at baseline
and increased to 44 cm H,O 6 h after initiation. There were
no statistically significant differences in outcomes between
the groups, although the trial was underpowered to detect
differences. This trial is not applicable to modern practice
as hyperventilation is no longer routinely performed for
persistent pulmonary hypertension due to the widespread
use of inhaled nitric oxide, although management of persis-
tent pulmonary hypertension usually includes tight control
of PaCOZ-

Wiswell et al*® performed an RCT in 73 premature
infants > 500 g to HFJV or conventional ventilation. The
subjects” mean weight was 881 g, and their gestational age
was 26.5 weeks. There were no differences in mortality or
development of chronic lung disease, but there were worse
neurologic outcomes in the subjects receiving HFJV.
Logistic regression confirmed that HFJV was associated
with adverse events.”® The poor neurological outcomes in
this study were potentially related to decreased cerebral
blood flow secondary to hyperventilation experienced dur-
ing HFJV.

In the 1980s, Carlo et al performed 2 RCTs comparing
HFJV to conventional ventilator in premature neonates.*’*
The first trial enrolled 40 subjects with a mean weight
of 1.5 kg and 30 weeks gestational age; no differences in
major outcomes were reported.”” Subjects on HFJV main-
tained similar gas exchange despite lower P,,. A follow-up
to this study evaluated tracheobronchial outcomes and con-
cluded that HFJV was not associated with adverse effects.®
The second trial evaluated 42 subjects with a mean weight
of 1.4 kg and mean gestational age of 30 weeks; no differen-
ces were reported for major outcomes, although P,co, and
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P, were lower in the subjects receiving HEJV.? These trials
were performed in the 1980s and may not be applicable to
modern neonatal ICUs due to changes in mechanical ventila-
tion practices and the routine use of surfactant replacement
therapy, antenatal steroids, and noninvasive ventilation.

Retrospective Studies

Wheeler et al'? evaluated the use of HFJV as rescue venti-
lation in 53 subjects with significant hypercapnic acidosis
(gestational age 25.1 weeks/800 g and 28.4 weeks/1,200 g in
survivors and nonsurvivors, respectively). They initiated
HFJV when the conventional ventilator PIP was 20 cm H,O
in survivors and 21.5 cm H,O in nonsurvivors. HFJV PIP at
initiation was 26 cm H,O in survivors and 29 cm H,O in
nonsurvivors, and nonsurvivors had a lower pH despite non-
significantly higher V1 (7 vs 8 mL/kg), suggesting that
nonsurvivors had higher dead space or increased CO, pro-
duction despite similar lung compliance. The survival rate
was 74%, and univariate analysis revealed that gender, gesta-
tional age, postmenstrual age at HFJV initiation, birth at
< 28 weeks gestational age, weight, length of stay, arterial
access, inhaled nitric oxide, patent ductus arteriosus, Fio,,
PIP at 1 h after HFJV initiation, and oxygen saturation
index 4 h after HFJV were all statistically different between
survivors and nonsurvivors.'? The survivors in this study
were younger, smaller, had lower Fip,, and higher PEEP at
HFJV initiation.

A prior study from the same center evaluated the
response to HFJV in a cohort of 34 subjects with significant
hypercapnia on conventional ventilation or HFOV.'® Prior
to HFJV, median V1 was 7 mL/kg and the set breathing fre-
quency was 40 breaths/min; PIP was 19 cm H,O in res-
ponders and 25 cm H,O in nonresponders. Response to
HFJV was defined as a reduction of = 10% in capillary
CO,. The pH values were 7.10 and 7.24 and the capillary
CO, values were 72 and 71 mm Hg in responders and non-
responders, respectively. HFJV was initiated at a PIP of 25
and 26 cm H,O in the 2 groups. Nonresponders had a later
postmenstrual age (30 weeks vs 27 weeks) and higher oxy-
gen saturation index (7.25 vs 3.36) at 4 h after initiation."”
Overall survival was 75%, and there was no difference
between responders and nonresponders for mortality.

A case-control study involving 50 infants who received
HFIJV tracked death before discharge or discharge on oxygen
as the primary outcomes.'! HFJV was initiated due to pulmo-
nary interstitial emphysema or failure to respond to conven-
tional ventilation or HFOV. Oxygenation failure was defined
as P, = 10 cm H,0 and Fyo, > 0.30 or ventilation failure
(Paco,> 45 mm Hg and pH < 7.20) with a V1 of 4-6 mL/kg.
HFJV was initiated at a rate of 240 breaths/min. HFJV was
associated with higher incidence of death before discharge or
home oxygen and longer duration of mechanical ventilation,
although subjects on HFJV were less likely to require
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treatment for retinopathy of prematurity.'' The subjects on
HFJV were likely to be sicker as they had a higher P, and
Fio,., but they were less likely to receive diuretics and adju-
vant therapies. Another study evaluated HFJV in 6 infants
with air leak, and HFJV was associated with a significant
decrease in air leak through chest tubes.*™® Subjects on HFJV
received much lower PIP (28 vs 41 cm H,0) and P, (15.0
vs 9.7 cm H,0) in this study, so it is unclear if the reduction
in air leak was related to HFJV or the reduction in airway
pressures.

Noonan et al’' compared outcomes between HFJV
(n = 23) and conventional ventilator (n = 25) for patent
ductus arteriosus closure in neonates via thoracotomy.
Conventional ventilator subjects were younger but were
otherwise similar to subjects in the HFJV group, although
P, was slightly higher in the HFJV group (11 vs
10 cm H,0, P = .056). Following patent ductus arteriosus
closure, CO, levels were lower in subjects treated with
HFJV, but no other differences were noted 24 h and 7 d af-
ter closure. No surgical morbidity differences were noted
between the 2 groups.?' This study demonstrated that sub-
jects do not need to be removed from HFJV to perform
patent ductus arteriosus closure.

The use of HFJV was evaluated in a cohort of 16 subjects
with congenital diaphragmatic hernia. Survival in the HFJV
cohort was higher than predicted; however, this was limited
by the small sample size.*> Another center reported their ex-
perience using HFJV in 25 infants with congenital diaphrag-
matic hernia with improved ventilation, including general
ventilation guidelines: P,,, < 12 cm H,O, PIP < 25 cm H,0,
mild-moderate permissive hypercapnia (pH > 7.25), and tar-
get Sp0, = 85%; the authors did not report the specific set-
tings used. The mortality rate was 64%.** Importantly,
congenital diaphragmatic hernia may be managed in both
neonatal ICUs and pediatric ICUs, depending on the
center.*>%

Coates et al** compared outcomes between infants with
persistent pulmonary hypertension treated with HFJV (n =
22) and HFOV (n = 43). Subjects treated with HFJV were
less likely to need ECMO, although the HFOV group was
sicker at baseline. After adjustment for baseline differences,
the authors concluded there was no difference between
groups in terms of risk for ECMO. Importantly, a separate
study reported that HFJV does not affect response to
inhaled nitric oxide.*’

The use of HFJV during inter-hospital transport was
found to be safe and associated with decreased P,co, in
subjects treated with HFJV, although it had no effect on ox-
ygenation.*® Importantly, P,co, was < 35 mm Hg on aver-
age in subjects treated with HFJV, which has important
implications as hypocapnia has been associated with worse
neurological status in neonates.

Plavka et al*’ initiated HFJV in 10 infants with worsen-
ing lung disease on conventional ventilation. HFJV was
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initiated when a V1 = 7 mL/kg with adequate PEEP was
unable to maintain P,co, < 60 mm Hg or the oxygenation
index was > 10 and increasing. HFJV rate was set between
310 and 420 breaths/min, with a median PIP of 23 cm H,O.
The authors reported a decrease in P,co, and oxygenation
index over time, and 90% survived to hospital discharge,
although all 9 survivors were diagnosed with chronic lung
disease. A separate study evaluated the effect of transition-
ing from HFOV to HFJV in 10 subjects with refractory hy-
poxemia related to worsening chronic lung disease and
pneumonia.*® The oxygenation index decreased from 29 to
18 at 3 h after transition to HFJV, and survival was 90%.*
A different study concluded that hypocapnia related to
HFJV was associated with periventricular leukomalacia in
premature neonates and was significantly related to a Pyco,
< 25 mm Hg in the first 3 d of life.* Another single-center
study evaluated subjects transferred to their facility for
potential ECMO and divided them into HFJV responders to
nonresponders who required ECMO.*® Oxygenation index
significantly decreased in both groups but remained high in
the nonresponders.*’ Importantly, this study was performed
prior to the availability of inhaled nitric oxide.

Animal Studies in Neonatal Models

HFJV was compared to low volume conventional venti-
lation in a neonatal lung injury/meconium aspiration rabbit
model over 4 h.*! The conventional ventilator was reported
to be superior at 1 h, but no other differences were noted.
HFJV was compared to synchronized intermittent manda-
tory ventilation in preterm lambs where the conventional
ventilator group received Vr of 5 mL/kg for 5 min and then
Vr was increased to 7 mL/kg with a maximum PIP of 40
cm H,O and a PEEP of 7 cm H;0. Pyco, was targeted at
45-55 mm Hg.** HFJV was initiated at a rate of 420
breaths/min, PIP of 40 cm H,0, and PEEP of 8 cm H,0,
and permissive hypercapnia was allowed. The authors did
not report any major differences between groups, including
inflammatory markers and postmortem examination.*?
Importantly, they did not report the PIP received by the
control arm in this study.

Three different methods and 2 catheter sizes used during
closed suctioning with HFJV were evaluated in rabbits. The
authors compared suctioning with HFJV running, HFJV
paused, and suctioning while inserting and removing the cath-
eter. No differences were reported for lung volumes between
groups, and lung volumes recovered within 60 s for all
groups. There were greater differences for 8 French catheters,
but lung volume was restored after 3 recruitment breaths.*’
Musk et al** evaluated the effect of increasing T; during con-
ventional breaths from 0.5 s to 2 s during HFJV in preterm
lambs; no differences in oxygenation between groups were
reported, although there were increased inflammatory
markers in the group with the longer Ty. In a rabbit model of
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meconium aspiration syndrome, HFJV was not more effec-
tive than suctioning during conventional ventilation, although
HFJV did result in slight improvements in gas exchange.*

Recommendations for Clinical Practice

HFJV is used as both a rescue mode in severely ill
patients and as a prophylactic treatment in extremely low
birthweight infants at high risk of developing bronchopul-
monary dysplasia or chronic lung disease. In infants born at
< 26 weeks gestation, HFJV may be considered upon
admission to the neonatal ICU without a trial of conven-
tional ventilation. The fragile premature lung in the early
phases of lung development could theoretically be pro-
tected by providing more “gentle” ventilation with HFJV.
The premature lung is susceptible to lung injury as there are
varying degrees of lung development that are dependent
upon the patient’s gestational age. While many premature
infants have minimal lung disease at birth, bronchopulmo-
nary dysplasia remains a common complication resulting in
significant morbidity and mortality.

Premature infants with respiratory distress syndrome may
be also placed on the HFJV if surfactant administration and
conventional ventilator have not achieved adequate gas
exchange or ventilator support exceeds predetermined
thresholds. A set breathing frequency of 40 breaths/min and
PIP > 23 cm H,O are the thresholds used in our center to ini-
tiate HFJV.

In infants with air leak (eg, pneumothorax or pulmonary
interstitial emphysema), HFJV can be used to allow the lung
to heal.***° Due to pressure attenuation during HFJV, it may
be more protective than conventional ventilation. For infants
with air leak, permissive hypercapnia should be utilized, and
HFJV PIP and P, should be kept at the minimum levels to
allow adequate gas exchange (pH > 7.20-7.25, Spo, >
85%). The HFJV breathing frequency should be initiated at
420 breaths/min, and T; should not exceed 0.02 s. The backup
rate on the conventional ventilator should be set as low as
possible, with a goal of 0 breaths/min. In pulmonary intersti-
tial emphysema patients, special care should be taken when
chest radiographs demonstrate hyperinflation. The general
response to hyperinflation is to decrease P,, by decreasing
PEEP, but oxygenation may worsen. These patients are usu-
ally on moderate PEEP settings of 4-6 cm H,O and intermit-
tent mandatory ventilation rates = 5 breaths/min. To allow a
low conventional ventilation rate, PEEP may need to be
increased 2-3 cm H,O. Airway structures that are not
adequately supported can partially or fully collapse, causing
air-trapping. The PIP set on the conventional ventilator
should be 4-5 cm H,O below the HFJV PIP.

Infants with congenital diaphragmatic hernia, meconium
aspiration, or persistent pulmonary hypertension may also
benefit from HFJV. Gas streaming during HFJV may be
helpful in secretion removal in infants with meconium

852

aspiration, although studies on the effect of HFJV on secre-
tion removal have not been performed. HFJV has some the-
oretic benefits when compared to HFOV in this patient
population as passive exhalation and ability to adjust the I:
E ratio may result in improved gas exchange in patients
with high airway resistance or lung unit with differing time
constants. In infants with congenital diaphragmatic hernia
and persistent pulmonary hypertension, HFJV can provide
ventilation with lower pressures than a conventional venti-
lator. Due to their larger size, term infants with congenital
diaphragmatic hernia or meconium aspiration may require
a lower HFJV rate or an increase in Tj.

Conventional ventilator settings will vary based on the
underlying lung disease. In infants with reduced lung com-
pliance due to respiratory distress syndrome, pneumonia, or
meconium aspiration syndrome, conventional ventilator set-
tings would typically include a backup breathing frequency
of 3-5 breaths/min. This is intended to provide ongoing lung
recruitment, although the conventional rate should be mini-
mized to avoid ventilator-induced lung injury. If there is a
difference of = 1-2 cm H,O between set and PEEP meas-
ured by the HFJV ventilator, air-trapping is likely and the
conventional rate should be reduced. Other strategies to
reduce air-trapping include decreasing the HFJV rate by 60
breaths/min and re-evaluating over 10—15 min.

Initial PEEP should be 5-8 cm H,O. If underexpansion
and atelectasis are noted on chest radiograph, the PEEP
level may need to be increased. If Fjp, cannot be
decreased or continues to increase, or if the infant needs
frequent interventions for desaturation episodes, the
P, will also likely need to be increased by increasing
PEEP. The P, may be excessive if there is a decreased
cardiac silhouette or hemodynamic instability. If hyper-
inflation is present on chest radiograph, consider
decreasing the backup rate on the conventional ventila-
tor or HFJV rate as air-trapping may be related to small
airway collapse. PEEP is generally adjusted in incre-
ments of 1-2 cm H50.

As patients on HFJV improve, the HFJV PIP is gradually
reduced in increments of 1-2 cm H,O until they are ready
to transition from HFJV to conventional ventilation. There
are 2 strategies for weaning from HFJV. The first is to
wean and extubate directly from HFJV, usually to noninva-
sive ventilation or high-flow nasal cannula. This option is
more common in infants who have recovered from air leak
syndromes. Extubation from HFJV can be considered when
HFJV PIP is = 20 cm H,O. The HEJV rate can also be
weaned as low as 240 breaths/min if there is still some
uncertainty regarding extubation readiness.

No studies have specifically evaluated when to transition
back to conventional ventilation. The infant may also be
transitioned back to conventional ventilation and then
weaned to extubation. In this case, it is recommended to tran-
sition when P, is = 810 cm H,0O. Conventional ventilator
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settings after the transition should include a set breathing fre-
quency < 35 breaths/min, PIP = 20 cm H,0, and PEEP of
5-8 cm H,O. Patients should be extubated as soon as possi-
ble after transition, and some patients may only require a
few hours of conventional ventilation prior to extubation.

Summary of HFJV in the Neonatal ICU

HFJV is indicated for pulmonary interstitial emphysema
or air leak syndrome in neonates. The use of preemptive
HFJV to prevent perinatal lung disease is not supported by
data from RCTs. HFJV can also be considered as a rescue
mode in patients with poor lung compliance, in infants with
congenital diaphragmatic hernia, and in those with refrac-
tory hypercapnia. HFJV’s effect on oxygenation in prema-
ture and term neonates is unclear, as some studies have
shown improved oxygenation while others have shown
minimal effect, although this is confounded by differing
methods used to set the P,y .

Studies of HFJV in the Pediatric ICU
Clinical Studies in the Pediatric ICU

The use of HFJV in the pediatric ICU has been limited
to small, single-center case series. The use of HFJV as a
rescue modality was recently investigated in a quater-
nary pediatric ICU in a retrospective study of 35 infants
(median age 2.9 months and weight 5.2 kg) with multi-
ple etiologies of respiratory failure. HFJV improved
CO, clearance but had no effect on oxygenation. In this
study, 29% of subjects failed HFJV within 4-6 h of ini-
tiation, and 43% required other high-frequency modes
or ECMO. The median initial HFJV PIP was 46 cm H,O
with a rate of 360 breaths/min and P, of 14 cm H,O.
ECMO was required for 26% of subjects, and the overall
survival was 74%.* They also found that nonsurvivors
were less likely to have a documented infection and had
lower scores on the Pediatric Index of Mortality 2; nonsur-
vivors also had lower pH, HCO;, and base deficit values, but
these differences were not statistically significant, suggesting
a metabolic component to the acidosis.

Respiratory syncytial virus and other respiratory viruses
can cause critical bronchiolitis or pediatric ARDS. The use
of HFJV in children with respiratory syncytial virus who
failed conventional ventilation was described in a case series
of 12 infants with weights ranging from 1.7 to 14.2 kg.
Subjects required HFJV primarily due to hypercapnia,
although 11 of 12 subjects met criteria for pediatric ARDS.
The survival rate was 91%. HFJV improved ventilation, but
there was no significant change in oxygenation index over
time.’ Importantly, the HFJV settings used, initiation criteria,
and detailed data prior to HFJV initiation were not reported.

RESPIRATORY CARE ® MAY 2021 VoL 66 No 5

In a case report in an infant with barotrauma and severe
hypercapnia, HFJV was used with a helium-oxygen mix-
ture as the driving gas during HFJV, resulting in improved
P.co, levels.* In this report, the subject had a low Fyo,
requirement and the setup used would not have allowed for
oxygen adjustment as the HFJV blender was replaced with
the helium-oxygen mixture.

HFJV was evaluated in 29 subjects with pediatric ARDS
and air leak syndrome (mean age 1.0 = 1.2 y). The survival
rate was 69%. Prior to HFJV, conventional ventilator PIP
was 48 cm H,O and P,co, was 45 mm Hg.*” This study pre-
dates the widespread adoption of lung-protective ventila-
tion and permissive hypercapnia and indicates that HFJV
may have some utility in treating air leak syndrome.

Several studies have evaluated the effect of HFJV on gas
exchange and hemodynamics in infants and children with
congenital heart disease. These have been small, single-center
studies from the early 1990s with limited applicability in cur-
rent pediatric ICUs. HFJV used was evaluated prospectively
in 9 subjects (mean age 9 months; weight was not reported)
after congenital heart surgery who met pulmonary criteria for
ECMO. ECMO criteria were met predominantly due to pul-
monary hypertension. Ventilation and oxygenation improved
during HFJV with similar PIP and P,,, as during conventional
ventilation with stable hemodynamics. ECMO was avoided
in all but 1 subject. The mortality rate was 33%, and one sub-
ject developed a pneumothorax.*® Thirteen subjects between
0.9 y and 8.5 y old (mean age 3.9 y, mean weight 13.9 kg)
were studied after Fontan operation.”’ In these subjects with
passive pulmonary blood flow, ventilation was achieved with
a lower P, (9 vs 5 cm H,0), although there were no differ-
ences in Pyco,. Improved hemodynamics were observed,
likely due to the reduction in P,y. Cardiac index increased
during HFJV and then returned to baseline.* Current man-
agement after the Fontan procedure is early extubation and
avoidance of positive-pressure ventilation; it is unclear if
HFIJV still has a role in the management of children after the
Fontan procedure as current devices may not be able to venti-
late larger children effectively.

Vincent et al’® studied six infants (mean age 3.5
months, weight 2.4-5.7 kg) receiving HFJV after cardiac
surgery were evaluated. Ventilation was achieved with
lower PIP, significantly lower tracheal pressure (24 vs 14
cm H,0) with no change in measured hemodynamic pa-
rameters.’® A similar study of 6 infants after cardiac sur-
gery demonstrated a significant decrease in PIP from 25
cm H,O to 11 cm H,0 and reduction in P, from 7 cm H,O
to 5 cm H,0, although the decrease in P,,, was related to the
decrease in set PEEP. The authors reported no relationship
between HFJV and cardiac index, although HFJV resulted in
a 33% increase in patients with low cardiac index.”* These
studies indicate that HFJV may have a role to play in patients
with right-ventricular failure or passive pulmonary blood
flow, although more data are needed.
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Animal Studies of HFJV

Various animal models have evaluated HFJV. Airway
pressure and gas exchange were compared between con-
ventional ventilator, HFJV, and HFOV in 12 pigs weighing
10-16 kg.>*> HFJV resulted in improved ventilation and
higher cardiac index with a lower P,y. In this study, Pg
measured at the airway and the trachea were nearly identi-
cal. This is in contrast to a human study in which tracheal
pressure was significantly lower.® This study examined
HFJV in a configuration that may not be used in clinical
practice in pediatric ICUs because the HFJV ventilator
used is not commercially available and the animals receiv-
ing conventional ventilation did not receive lung protective
ventilation. In addition, the HFJV rate was set at 150
breaths/min with an I:E ratio of 1:2, settings that are not
possible on currently available HFJV ventilators. Another
study evaluated the P, measured at the airway compared
with the mean alveolar pressures in rabbits weighing
between 3.0 kg and 3.95 kg. In this study, P, accurately
estimated mean alveolar pressure during HFJV when the
rate was between 300 and 600 breath/min.”* HFJV was
compared to HFOV in cats with a mean weight of 4.5 kg,
and HFJV resulted in lower P,co, and higher pH with simi-
lar airway pressures but no change in oxygenation.
Transition from HFJV to HFOV resulted in acidosis,
increased pulmonary artery pressure, increased pulmonary
vascular resistance, and a decrease in cardiac output.>

Bench Studies of HFJV

Aerosol delivery during HFJV was evaluated using mag-
netic resonance imaging of a phantom lung. Aerosol deliv-
ery was lower during HFJV than HFOV, but both were
lower than during conventional ventilation.>® Importantly,
this study utilized the MiniHeart nebulizer (WestMed Inc,
Tucson, Arizona) driven by 2 L/min of flow within the
inspiratory limb of the ventilator circuit. Another study
evaluated a mathematical equation to predict the PEEP set-
ting needed to match the P,, when transitioning between
HFJV and HFOV; the equation predicted the set PEEP
within 0.3 cm H,0.? The authors also suggest that, when
initiating HFJV, clinicians should increase the P, by 4-6
cm H,O as is done when initiating HFOV. A separate
bench model demonstrated that inhaled nitric oxide can be
delivered safely and reliably during HFJV.>®

Recommendations for Clinical Practice

Based on available data from case series, HFJV can be
considered as a rescue mode for patients with hypercapnic
respiratory failure resulting from acute viral infection.®’
Available data do not suggest that HFJV improves oxygen-
ation, thus its utility in treating pediatric ARDS may be
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limited. If initiating HFJV for pediatric ARDS, we suggest
increasing the P,, by 2-5 cm H,O during initiation. In
postoperative cardiac patients, HFJV could be considered
as a rescue mode for severe hypercapnia or as a strategy to
reduce P,,, in patients with passive pulmonary blood flow.
Current commercially available HFJV ventilators have a
weight limit of ~ 10 kg.

In patients with increased airway resistance, such as
those with bronchiolitis, the HFJV rate should be started at
360 breaths/min and adjusted for air-trapping, as measured
by the difference between set PEEP and PEEP measured by
the HFJV ventilator. In larger patients, consider increasing
the Tj to increase the Vr if ventilation is inadequate. For
patients with poor oxygenation, increasing the P, by
increasing PEEP or increasing the frequency of sigh breaths
may increase lung recruitment. Given concerns for gas-
trapping and lung stress, we do not recommend increasing
the Ty for backup breaths to improve lung recruitment.**

There is little data suggesting when to transition back to
conventional ventilation, with one study reporting the suc-
cessful transition to conventional ventilation when subjects
were receiving an HFJV PIP of 39 cm H,O at the time of
transition.® In light of the lack of data, we recommend daily
discussion about assessing the patient’s pulmonary mechan-
ics. This can easily be accomplished by pausing the HFJV
ventilator and increasing the conventional ventilator rate.
While this is not standard practice, daily assessments could
be made to evaluate trends in pulmonary mechanics over
time. Another strategy we have used at our center is to pro-
vide manual ventilation with a pneumotachograph inline,
although we prefer to evaluate mechanics using the mechani-
cal ventilator.

Summary of HFJV in the Pediatric ICU

There is a paucity of data evaluating HFJV in the pediat-
ric ICU, and most studies have been small, single-center
case series or physiologic studies without control groups.
HFJV may have utility in refractory hypercapnia due to vi-
ral bronchiolitis or air leak syndrome and after cardiac sur-
gery to reduce P, to optimize hemodynamics, although
the impact on outcomes for any of these populations
requires further investigation. Studies have not shown
improvement in oxygenation after HFJV initiation. There
are a variety of potential uses for HFJV in the pediatric
patient; however, they require rigorous investigation in
RCTs to fully understand the impact of HFJV.

Summary and Future Directions
Future research of HFJV in neonates should include
large, multicenter RCTs comparing HFJV as a rescue or

lung-protective preventive modality in premature neonates.
Prospective observational studies should also be considered
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to rigorously investigate methods to set P,, and monitor
interactions between the conventional ventilator and HFJV.
In particular, when to transition from HFJV to conventional
ventilation is an area where data are lacking. Outcomes of
these studies should focus not only on survival and the de-
velopment of chronic lung disease but also consider sur-
vival without disability as an outcome. This will require
longer follow-up to evaluate survivors for longer-term neu-
rodevelopment outcomes.

In the pediatric ICU, HFJV use is rare, used primarily as
a rescue mode. As such, any future RCTs would be chal-
lenging to perform because refractory respiratory failure is
relatively rare and centers with the expertise to use HFJV in
these patients are limited. HFJV could be investigated in
prospective physiologic studies using electric impedance
tomography to measure lung volumes and methods to set
P.w. As with neonatal HFJV, further studies on when to
transition to conventional ventilation are needed. A large,
multicenter observational trial of rescue modes to increase
sample sizes and enable advanced statistical techniques
may help us gain insight into the utility of HFJV in the pe-
diatric ICU compared to other rescue modalities.

HFJV has been used in a variety of patient popula-
tions, although high-quality evidence of benefit is lack-
ing. HFJV can be considered for premature neonates
with respiratory distress syndrome, as a rescue mode for
neonates failing conventional mechanical ventilation,
and in patients with hypercapnic respiratory failure in
the pediatric ICU.
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