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A B S T R A C T

Survival of preterm newborn infants have increased steadily since the introduction of sur-

factant treatment and antenatal steroids. In the absence of randomized controlled trials on

ventilatory strategies in extremely preterm infants, we present ventilatory strategies

applied during the initial phase and the continued ventilatory care as applied in three cen-

ters with proactive prenatal and postnatal management and well documented good out-

comes in terms of mortality and morbidity in this cohort of infants.

� 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)
A R T I C L E I N F O
“However beautiful the strategy, you should occasionally look at

the results.” Sir Winston Churchill

“The essence of strategy is choosing what not to do.” Michael

Porter
Introduction

Survival of preterm newborn infants have increased steadily

since the introduction of surfactant treatment and antenatal

steroids.1-3 Standardized initial ventilatory approaches in

combination with comprehensive care have improved the

limits of viability in the most extremely preterm infants with-

out necessarily increasing the morbidity, and more so in
.se (R. Sindelar).

Elsevier Inc. This is an op
/)
centers where a proactive approach has been applied.4-6

Despite the increase in survival in extremely preterm infants,

the incidence of bronchopulmonary dysplasia (BPD) has not

decreased,7,8 and as BPD is associated with neurodevelop-

mental impairment and future reduced lung function, further

improvements in ventilatory assistance in the most preterm

infants are necessary.9-11 However, a more relevant definition

for BPD for infants born at 22 to 23 weeks gestation should

focus not only on supplemental oxygen at 36 weeks PMA, a

definition from the 1980’s, but on the need for invasive

mechanical ventilation at that same time point defined as

Grade 3 BPD by Jensen et al.12 They have shown in the cur-

rent era that the diagnosis of Grade 3 BPD is associated with a

2-fold higher rate of death, need for tracheostomy or supple-

mental oxygen for >2 years compared to noninvasive support
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as well as a 2-fold increase in moderate to severe neurodeve-

lopmental impairment.12 The need for supplemental oxygen

at 36 weeks PMA for infants born before 24 weeks gestation is

not unexpected due to their extreme immaturity and lack of

alveolarization, and represents more of a developmental

delay than a pure marker of severe lung injury, which is bet-

ter represented by the diagnosis of Grade 3 BPD.

Although non-invasive ventilatory support in combination

with or without less invasively administered surfactant treat-

ments has been shown to be tolerated by fairly preterm

infants,13-17 few infants born below 24 weeks gestational age

(GA) are included in these studies.18 Studies on nasal CPAP vs

mechanical ventilation with early surfactant show that some

extremely preterm infants do not always need prophylactic

surfactant treatment in an era of antenatal steroids.19,20 How-

ever, studies of less invasive surfactant administration seem

to indicate that early surfactant treatment is beneficial as the

reported time to the first surfactant instillation is usually

shorter in non-invasively instilled surfactant infants than in

the invasively instilled infants,15,18 which was also one of the

major reasons for the increased 1-year survival in extremely

preterm infants in the EXPRESS study.21 The benefits of these

less invasive strategies seem not to be evident in 23-24 weeks

GA infants as they needed invasive mechanical ventilation to

the same extent as the control groups and did not exhibit

reduction in BPD.18 Additionally, reports of failure of non-

invasively instilled surfactant and nasal CPAP in the more

immature infants included in these studies22,23 still makes

invasive ventilation to be non-avoidable if not necessary in

the most extremely preterm infants born below 24 weeks GA.

As initiation and prolonged duration of mechanical ventila-

tion might induce volutrauma in the immature lung,24,25 the

optimizing of ventilatory support to avoid overdistension of

the lung and hypocarbia,26,27 and the reduction of the time on

invasive mechanical ventilation should be the main goals of

ventilating infants at less than 24 weeks GA.28-30 Since extu-

bation failure in the first 2 weeks of life even at 24-27 weeks

GA is associated with an increase in mortality from 6% to 28%

as well as an increase in severe IVH and BPD, it is necessary

to have optimized extubation strategies.31

In the absence of randomized controlled trials on ventila-

tory strategies in extremely preterm infants born before 24

weeks GA, we present ventilatory strategies applied during

the initial phase and the continued ventilatory care as applied

in three centers with proactive prenatal and postnatal man-

agement and well documented good outcomes in terms of

mortality and morbidity in this cohort of infants.4-6 The

applied initial ventilatory modes in these centers are volume

targeted ventilation (Uppsala Region), high frequency oscil-

latory ventilation (Kanagawa Region), and high frequency jet

ventilation (Iowa City Region), all guided by the principles of

minimizing volutrauma and overdistention. In this paper we

will focus mainly on the ventilatory modes used at these cen-

ters and less on other strategies that might influence ventila-

tion such as sedation/analgesia, fluid balance, postnatal

steroids, and PDA management, which will be presented in

more detail in other chapters in this special edition. Our pre-

sented strategies lend themselves for future evaluations,

comparisons, and improvements.
Ventilatory Strategies in the Uppsala Region �
Volume Targeted Ventilation

Mothers at risk of premature delivery before 28 weeks GA are

referred from the region of Uppsala to the tertiary neonatal

intensive care unit at the University Children’s Hospital in

Uppsala. The region of Uppsala have 1.9 million inhabitants

and there is a delivery of 24 000 infants per year with 70

infants per year born before 28 weeks GA. The management

in the delivery room follows comprehensive written guide-

lines.

Initial ventilatory strategy

The initial applied ventilatory mode for infants born at less

than 24 weeks GA in our unit is volume targeted ventilation

(VTV). In VTV, the positive inspiratory pressure (PIP) changes

according to changes in lung compliance and/or breathing

efforts to achieve the set tidal volume (VT), based on inspira-

tory and expiratory flow measurements during the previous

breath.32 Integration of the flow signal gives inspiratory and

expiratory volumes (VI and VE), and the leakage in infants

with an un-cuffed endotracheal tube is calculated as the dif-

ferences between VI and VE. Most ventilators compensate for

up to 50% of the leakage in estimating the necessary PIP for

the following mechanical breath to achieve the set VT.
32 Usu-

ally VTV is combined with patient triggered ventilatory

modes such as assist control ventilation (ACV), pressure support

ventilation (PSV) or synchronized intermittent mandatory ventila-

tion (SIMV). Even though meta-analysis of triggered modes

have only shown to reduce the time on mechanical ventila-

tion,33 patient triggered ventilation is a mode that has been

well established in clinical practice with the purpose of pro-

moting early weaning, reduce the episodes of desaturation,

support spontaneous breathing with reduced work of breath-

ing, and improve ventilator-patient interaction with less fluc-

tuations in cerebral blood flow.34-37 During ACV the triggered

mechanical breath has a set inspiratory time, whereas during

PSV, also called flow-cycled ventilation, the spontaneous

inspiratory airflow defines the inspiratory time within a set

time frame; i.e. when the end-inspiratory airflow reaches a

set percent (e.g., 10%) of the maximal inspiratory flow (KV̇),

then the PIP is released and expiration starts.38 The combina-

tions ACV with VTV and PSV with VTV support all breaths

generated by the patient with a set backup ventilator fre-

quency, whereas the combination SIMV with VTV supports

only the set amount of breaths.32,38 All additional breaths

above the set SIMV frequency are assisted only by a PEEP

unless the ventilator has the capacity to deliver pressure sup-

port (PS) to spontaneous breaths that exceeds the set number

of assisted breaths. The potential benefits of PSV is that not

only is the PIP adapted according to the set VT but also to the

timing of the flow where a shorter inspiratory time might

occur if the set VT is reached before the set time limit of the

mechanical breath.38 SIMV, on the other hand, might be more

optimal in maintaining the same expiratory time without

risking auto triggered inadvertent PEEP and overdistension of

the lung.
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The clinical benefits of using VTV compared to pressure limited

ventilation (PLV) have been summarized in several meta-analy-

ses and proposed to be a reduced incidence of BPD, shorter

time on mechanical ventilation, and a lower incidence of

hypocapnia and intraventricular hemorrhage.39 Additionally,

lower PIPs and mean airway pressures (MAPs) have been

reported during VTV, with a reduced amount of large tidal vol-

umes, thereby explaining the lower BPD incidence and fewer

episodes of hypocapnia.40,41 Few studies have been published

specifically on infants born <24 weeks GA,42 but a recent

report from our group showed that early instituted VTV in

infants born between 22-25 GA gave lower PIPs, less episodes

of hypocapnia and more successful attempts at extubation

within 24 hours after birth when compared to ACV but with no

differences in the outcomes of severe IVH, BPD, mortality or

time onmechanical ventilation.43

Our choice of ventilating infants with VTV compared to high

frequency oscillatory ventilation (HFOV) is based mainly on stud-

ies where PLV has been compared to HFOV, due to the lack of

published studies on VTV and HFOV.42 In repeated meta-anal-

ysis of HFOV compared to a variety of PLV strategies, HFOV

has not shown any marked differences in outcomes.44,45 How-

ever, variations in the type of HFOV devices used as well as the

implementation of different management strategies within

individual studies included in the meta-analysis, had a

marked impact on outcomes.46 In one of the few randomized

studies of early application of VTV or HFOV in infants born

between 25-32 weeks GA, lower inflammatory markers in tra-

cheal aspirates were observed during the first week of life in

the VTV group,47 whereas follow up of a subgroup of these

infants without BPD exhibited a similar impaired lung func-

tion.48 As both VTV and HFOV have their respective attractive

properties, comparative studies of these two modes warrants

future evaluation in extremely preterm infants.

Optimally set tidal volume during VTV has been proposed by

Keszler et al to be 5 mL/kg during the first week of life in

infants below 800 grams (range 24-29 weeks GA) in order to

obtain normocapnia (35-50 mmHg; 4.7-6.7 kPa).49 Tidal vol-

ume of 5 mL/kg was also optimal when early VTV was applied

in our study of infants born between 22-25 weeks GA,43 as

compared to the study by Cheem et al where a subgroup of

infants between 23-25 weeks GA developed hypercapnia with

a VT of 4 mL/kg.50 Applying an adequately high VT might not

only be important for obtaining normocapnia, but also for

reducing atelectraumatic inflammation and duration of ven-

tilation, as suggested by Lista et al in their study of VT

5 mL/kg vs 3 mL/kg in 25-32 weeks GA infants.47

The positive end-expiratory pressure (PEEP) is an enigmatic

parameter where few bedside measurements or investiga-

tions seem to guide the clinician to make a correct setting

both momentarily and over time.51 The functional residual

capacity (FRC) is mainly defined by PEEP and less by PIP or

inspiratory time.52 As FRC is affected by factors such as ETT

position, changes in lung mechanics, mucus mobilization,

prone or supine position of the patients, spontaneous breath-

ing activity etc.; repeated adjustments of PEEP might be nec-

essary but difficult to apply in the daily clinical work. At the

same time, PEEP constitutes the major part of the mean air-

way pressure and thereby is a powerful tool both in recruiting

as well as overdistenting the lung.52 Once the FRC of the lungs
has been adequately established in RDS after surfactant

instillation, the PEEP might be adjusted to lower levels, as

suggested in wash out studies of FRC in preterms after surfac-

tant where relatively small increases of 1 cmH2O markedly

increased FRC, lowered compliance and started to retain

CO2.
53 In a more immature cohort (22-27 weeks GA; mean

24.4§1.7 weeks GA), we measured lung mechanics bedside

with forced oscillatory technique (FOT) on day 1, 3 and 7, and

found that optimal PEEP on day 1 was around 3.5 cmH2O,

increasing to 4.5-5.0 cmH2O on day 3 and 7, indicating that

there is a change in lung mechanics during the first week and

that clinically applied PEEPs are usually set higher than the

optimal PEEPs,54 suggesting that there might be a risk of over-

distention already during the first days of life in extremely

preterm newborn infants.

To promote spontaneous breathing during VTV, we use a

sinusoidal pressure waveform. During occlusion tests of pre-

term infants it has been concluded that they have a strong

Hering Breuer inhibitory inspiratory reflex,55 and it has been

established that slowly adapting pulmonary stretch receptors

(PSRs) effectuates this negative feedback on the phrenic nerve

activity (PNA).56 Increased flows during the first third of inspi-

ration exhibits a stronger reaction from PSRs and thereby

increased inhibition on inspiration,57 which was investigated

in relation to different inspiratory pressure waveforms used

in neonatal ventilators.58 Square pressure waveforms inhib-

ited strongly spontaneous inspiratory activity during PLV in

an animal model, with increased PSR activity and reduced

PNA, indicating that in order to promote spontaneous breath-

ing during patient triggered ventilations, a sinusoidal pres-

sure waveformwould be more optimal.58

Additional strategies during the initial phase of adaptation

are presented in Table 1. Previous to the published data from

the three large multi-center studies on target ranges for satura-

tion (SaO2),
59-61 our unit had changed SaO2 targets from 87-

93% to 85-90%, and an evaluation of infants born after 22-25

weeks GA showed a reduced incidence of ROP without

increased mortality.62 Generally we try to avoid sedation, anal-

gesia, inotropic or volume treatment, thereby applying a more

physiological adapted assistance to infants <24 weeks GA,

and we do not treat patent ductus arteriosus pharmacologically on

a regular basis due to documented failure of treatment in

infants <27 weeks GA,63 with still a very low incidence of sur-

gically closed PDA in this cohort.64
Weaning

OWur primary policy of weaning is to extubate to nasal CPAP,

but in cases of repeated failure and prolonged periods on inva-

sive ventilation, we initiate ventilation with neurally adjusted

ventilatory assistance (NAVA) with the intention to extubate to

non-invasive NAVA (NIV-NAVA). NAVA is a proportional assist

modality that employs trans-esophageal diaphragmatic elec-

tric activity (EAdi) as a signal of breathing effort and applies a

set inspiratory pressure per mV detected EAdi.
65 In a multicen-

ter retrospective study of evolving or established severe BPD

(�4 weeks of mechanical ventilation and �30 weeks post-

menstrual age [PMA]) from 4 centers in the BPD Collaborative,

infants from our center had the lowest GA (23.4§1.2 weeks)



Table 1 – Ventilatory management of extremely preterm
infants born at 22-23 weeks gestation at Uppsala Univer-
sity Children’s Hospital, Sweden

At birth (Golden hour):

Ventilator default setting: SIMV with VG 2.5mL (5mL/kg); PEEP 5

cmH2O; PIP max 24 cmH2O; backup frequency 60/min with Ti set

0.33s; flow trigger 1.0 L/min; FiO2=0.21 at start

Saturation limits: 85-90%

Respiratory support: Immediate oral intubation with ETT 2.0 mm;

immediately on ventilator without any bag ventilation either by

mask or ETT; ECG leads; ETT secured 5.5 cm at lip level; 1.0 mL

Curosurf (»160mg/kg) instilled immediately

At the NICU during the first 24 h (Golden day):

Respiratory support: Switch from SIMV to A/C PSV with VG; flow

trigger adjusted to 0.6L/min; PEEP adjusted to 4 cmH2O

The 1st week (Golden week), and beyond:

Respiratory support:
� Normally continued A/C PSV with VG. Adjust to goal arterial

pCO2 37-52 mmHG (5-7 kPa)
�Watch out for changed I:E ratio; if respiratory rate >>60/min,

then consider SIMV
� Avoid frequent adjustments with minor blood gas changes. With

few exceptions any changes in pulmonary mechanics will be

slow and expectant management is the rule!
� Aim for early successful extubation; meticulous preparation

warranted (staff, parents, timing); Argyle prongs used and CPAP-

pressure »6-8 cmH2O to preserve FRC (open breath sounds)
� Anymajor change of ventilatory mode (eg. NAVA or HFOV) dis-

cussed with senior colleague

Monitoring of ventilation:
� Arterial blood gas
� Transcutaneous pCO2 after 2-3 days depending on skin

condition
� Reduce disturbances such as excessive investigations/examina-

tions (minimal handling)
� CXR day 1; if still on ventilation also on day 3 and 7
� US brain day 2-4
� US heart not during first week of life; PDA considered normal

and not treated during the first weeks

Medication:
� Caffeine given during the first day, independent of invasive ven-

tilation
� No analgesia or sedation administered
� No inotropic treatment
� Avoid systemic steroids

A/C: assist / control; CPAP: continuous positive airway pressure;

CXR: chest x-ray; ETT: endotracheal tube; FiO2: fraction of inspired

oxygen; FRC: functional residual capacity; HFOV: high-frequency

oscillatory ventilation; NAVA: neurally-adjusted ventilatory assist;

pCO2: partial pressure of carbon dioxide; PDA: patent ductus arte-

riosus; PEEP: positive end expiratory pressure; PIP: peak inspiratory

pressure; PSV: pressure support ventilation; Ti: inspiratory time;

SIMV: synchronized intermittent mandatory ventilation; US: ultra-

sound; VG: volume guarantee
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and were placed on NAVA at the earliest PMA (32.0§2.0 weeks)

with the highest success of weaning to NIV-NAVA (88%).66

Summary of strategy in the Uppsala Region

Besides actively assisting ventilation from the start in all

infants born at 22-23 weeks gestation with initially volume

guarantee ventilation and early surfactant administration,

we try to apply a physiological support to all organ systems
with early parental involvement, reduced medication and as

little disturbing/painful procedures as possible. Ventilatory

support is eventually changed to patient trigged modes that

enables modified early weaning to non-invasive modes such

as non-invasive NAVA and nasal CPAP. We believe that com-

prehensive written guidelines and rigorous compliance with

standardized guidelines, is the mainstay for future evaluation

and continued improvements in the care of these extremely

vulnerable but viable infants.
Ventilatory strategies in the Kanagawa Region -
high frequency oscillatory ventilation

In Japan, advances in perinatal and neonatal care manage-

ment have led to increased survival rates among premature

infants, including those born at 22-23 weeks of gestation.67

However, there have been concerns that despite the declining

mortality in these infants, an increase in the number of sur-

viving infants with severe morbidities, such as severe bron-

chopulmonary dysplasia (BPD) may occur.67,68 Therefore,

optimal respiratory management is critical for both long-

term respiratory and neurodevelopmental outcomes.69,70

High Frequency Oscillatory Ventilation (HFOV) is a form of

mechanical ventilation that uses small tidal volumes (below

anatomic dead space) with very rapid ventilator rates (10-

15 Hz or 600-900 cycles/min). HFOV, when used optimally, is

one of the ventilatory strategies that focuses on lung protec-

tion, because it provides lung expansion with a constant

mean airway pressure (MAP) to facilitate gas exchange at the

airway rather than at the alveolar level, which reduces shear

stress thus minimizing volutrauma. However, most clinicians

do not consider HFOV as a first-line mechanical ventilation

strategy in the premature neonatal population, because not

many studies have shown consistent benefits with HFOV

compared to conventional ventilation in reducing mortality

or the incidence of BPD in preterm infants with respiratory

distress syndrome.71 Very few infants born at 22-23 weeks

gestation were included in those studies and the outcome of

BPD at 36 weeks post menstrual age (PMA) defined as need for

oxygen supplementation may not be the appropriate long-

term marker for pulmonary outcomes for infants born at <24

weeks gestation. Especially so, since lung injuries in infants

born before 24 weeks gestation with extremely immature

lungs are easily caused by just a short exposure to either

hyperoxia or mechanical forces.72 Additionally, infants born

at 22-23 weeks gestation often require a longer period of

mechanical ventilation due to their immature lung struc-

tures, function, and central respiratory drive. Thus, the

reduction in mortality from respiratory failure and the con-

tinued need for invasive mechanical ventilation beyond 36

weeks PMA may be more relevant outcomes for infants born

at 22-23 weeks gestation when evaluating the use of long-

term mechanical ventilation. To alleviate lung injury as

much as possible, HFOV could be a first-line mode of respira-

tory support for these infants.

The Neonatal Research Network of Japan (NRNJ) was created in

2003 and includes clinical information on infants with a birth

weight �1500 g from participating neonatal centers. In Japan,

according to the NRNJ database, HFOV is a common



Figure 1 –A: Prevalence of High Frequency Oscillatory Ventilation application by gestational age in 39 major neonatal centers

in Japan, 2003-2012. B: Trend in High Frequency Oscillatory Ventilation application in 22-23 week gestational age infants at

39 major neonatal centers in Japan, 2003-2012
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ventilatory strategy (Figure 1A, 1B). Among 40,806 preterm

infants born from 2003 to 2012, the use of HFOV increased

with lower gestational age: 70% at 22-23 weeks, 55% at 24-27

weeks, 20% at 28-30 weeks, and 8% at 31-32 weeks (Figure 1A).

In the 39 major perinatal centers, which reported patient data

over that same 10-year period, there was a significant

increased trend in the use of HFOV for infants born at 22-23

weeks gestation (from 64% in 2003 to 81% in 2012) (Figure 1B).

Due to the design of the NRNJ database, the exact timing of

when HFOV was started after delivery could not be deter-

mined, still these data support an increasing acceptance of

HFOV for respiratory support in infants born at 22-23 weeks

gestation in Japan.

Initial ventilatory strategy

In our neonatal intensive care unit at Kitasato University Hospital

in the Kanagawa Region, we apply HFOV as the initial ventilatory

strategy for infants born at 22-23 weeks gestation (Figure 2).

During HFOV application, oxygenation is primarily controlled

by adjusting MAP and ventilation by changing the amplitude

(i.e., the delta pressure around the MAP). There are two types

of HFOV available in Japan: a piston type and a high-speed

expiratory valve system with Venturi-assisted expiration,73

using ventilator rates of 600 to 900 breaths per minute (fre-

quencies of 10 to 15 Hz); both devices produce positive and

negative pressure fluctuations leading to gas mixing. In the

piston type, oscillation is produced by a piston moving at

high speed, and ventilation volume increases in proportion to

the amplitude which is controlled by the set stroke volume

(SV) or tidal volume. Relatively large infants can be ventilated

with this modality as the piston produces sustainable pres-

sures and volumes even during high frequencies.73 In the

high-speed flow valve, MAPs and oscillations are created by

the combination of high-speed valve opening and closing

with a constant jet flow. The power to create oscillations is

limited compared with the piston type.73 In order to create

appropriate MAP and oscillations, it is necessary to adjust

both the amplitude and the frequency parameters together.
In many HFOV ventilators, expired tidal volume can also be

set whereby the amplitude is automatically adjusted in order

to attain these volumes within set alarm limits.

In our NICU, we use HFOV with a high-speed flow valve and

a Venturi-assisted expiratory valve (Dr€ager Babylog), as it pro-

vides HFOV with a Volume Guarantee mode that allows auto-

matic adjustment of the amplitude needed to provide a

constant tidal volume during HFOV (VThf). This function

helps to prevent hyperventilation and volutrauma and

appears to be effective for infants born at 22-23 weeks gesta-

tion. We start with a set tidal volume (VThf) of 1.0 to

2.0 ml/kg. For some infants with evolving or established BPD,

2.0-3.0 ml/kg of VThf might be needed to achieve stable venti-

lation. MAP is critical for the effectiveness of HFOV. Insuffi-

cient MAP that cannot maintain appropriate lung volume

prevents the pressure gradient produced by HFOV from reach-

ing the alveoli resulting in inadequate oxygenation and ventila-

tion, whereas excessive MAP leads to complications from

overdistention. Therefore, to prevent alveolar collapse, it is gen-

erally recommended for the MAP to be set 4-5 cmH2O or

1.5 times higher than the MAP on CMV (e.g., 8 cmH2O on CMV,

then 12 cmH2O on HFOV). The default setting of MAP that we use

for infants born at 22-23 weeks gestation is generally 12 cm

H2O; the default setting for frequency is 12 Hz with an I:E ratio

of 1:1. We start with an amplitude of 20 cmH2O, and adjust the

amplitude for the goal pCO2 then often convert to a VThf using

themeasured tidal volume that achieved the goal pCO2.

Most premature infants born at 22-23 weeks gestation at

our center are intubated with 2.0 mm internal diameter endo-

tracheal tubes (ETTs) due to the small size of the trachea. If

any stenosis or obstruction by tracheal secretions occurs

within the tube, oscillations from HFOV will not be efficiently

transmitted to the alveoli, thus for successful management of

HFOV we recommend continuous monitoring of graphic

waves, trends in pressure amplitude and delivered tidal vol-

umes. For infants born at 22-23 weeks gestation the orotra-

cheal ETT length does not follow the standard rule of 6 cm

plus the body weight in kg, as in this population it is usually

5.5-6.0 cm. If the ETT is located below the carina when giving



Figure 2 –High Frequency Oscillatory Ventilation strategy at Kitasato University Hospital, Japan
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surfactant, abnormal distribution to a single lung can occur

and potentially lead to pneumothorax. Whenever possible,

surfactant administration should be done after checking the

ETT position by chest radiograph. In our unit, we usually

administer surfactant within 6 hours of birth.

The higher MAP during HFOV compared to conventional

mechanical ventilation may compromise venous return if the

lung becomes overdistended leading to hypotension and dys-

function of the left ventricle as well as the right ventricle due

to the increase in pulmonary vascular resistance from hyper-

inflation. Thus, targeted neonatal hemodynamic echocardiography

performed by neonatologists plays an important role in our

management of HFOV for infants born at 22-23 weeks gesta-

tion. In our unit, we routinely start inotropic support with both

dopamine (DOA) and dobutamine (DOB) at an initial dose of

3.0 mg/kg/min when initiating HFOV. DOB enhances cardiac

contractility, and at conventional doses, it appears to be well

tolerated in neonates,74 and if cardiac contraction is poor as
evaluated by echocardiography, DOA and DOB are increased

in a 1:2 ratio (maximum dose 5.0 mg/kg/min DOA and 10.0 mg/

kg/min DOB). For volume expansion, we prefer to use 10-

20 ml/kg of Fresh Frozen Plasma (FFP) since FFP contains pro-

teins which might be helpful for maintaining plasma oncotic

pressure and circulating volume. Often both inotropes and

volume expansion are initiated together in this population

depending on cardiac function and we continue to closely

monitor cardiac function with echocardiography two to three

times a day during the first week of life.

Although optimal blood pressure in infants born at 22-23 weeks

gestation is not well defined, we use gestational age as the

lower target range for mean blood pressure in mmHg. In addi-

tion, we consider the optimal range of echo parameters to be 8-

10mm for the Left Ventricular End Diastolic Diameter (LVEDD),

and >0.55 for the Ejection Fraction (EF). If the infant’s circula-

tory condition cannot be maintained despite full inotropic sup-

port, volume expansion and the use of stress dose
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hydrocortisone we recommended that HFOV be changed to

other continuous mandatory ventilation (CMV) modes. For

infants born at 22-23 weeks gestation we start with CMV

directly after delivery, check cardiac function by echocardiogra-

phy to see whether there is any cardiac failure requiring inter-

vention, and if not, shift to HFOVwithin 6 to 12 hours of birth.

For sedation, we prefer to use phenobarbital in our unit, as

mild sedation can be achieved without gastrointestinal com-

plications such as meconium related ileus (MRI) or meconium

related intestinal injury (MRII), compared to morphine or fen-

tanyl.75 We previously used opioids for sedation in infants

born at 22-23 weeks gestation, however in 2018, we experi-

enced four consecutive cases of spontaneous intestinal perfo-

ration (SIP) due to MRII and therefore changed sedation

strategy. We give an initial loading dose of phenobarbital (20

mg/kg) with continued maintenance doses of 10 mg/kg every

12 to 24 hours, with a total maximum dose of 40 mg/kg over

48-72 hours. Using this approach, adequate sedation is

achieved during themost critical time period with the highest

risk of intraventricular hemorrhage, and a maintenance dose

is not routinely started. To maintain lung recruitment during

HFOV, spontaneous breathing is important,76,77 a single load-

ing dose of caffeine citrate 20 mg/kg is given on day one of life

intravenously followed by a maintenance dose of 5 mg/kg

administered intravenously every 24 hours.78 For postnatal

prevention of severe IVH, we administer 0.1 mg/kg of indo-

methacin within 6 hours of birth, given over 6 hours, for

3 days.79
Continued ventilatory strategy

We consider replacement of 2.0 ETT with 2.5 after one week of

life if the infant is stable and without any ongoing serious

complications such as intraventricular hemorrhage, sepsis,

etc. Adjustments of pressure amplitude during HFOV are made

according to blood gases to target PCO2 50-60 mmHg (6.7-8.0

kPa) and pH �7.3, and possible switching to Volume Guaran-

tee Mode (VThf). Especially for infants born at less than 28

weeks gestation, we are regularly using automated sustained

inflation or sigh breaths (2-3 times per minute, 0.7-1.0 seconds

in duration) with an airway pressure set 5 cmH2O above the

current MAP for lung recruitment. FiO2 is started between

0.30-0.60 and adjusted according to our saturation target 90-

95%; both hyperoxia and hypoxemia is avoided.80 For infants

born at 22-23 weeks gestation, blood transfusions are admin-

istered if the hematocrit is <35% or hemoglobin is <12 g/dl

and when on HFOV with FiO2 >0.30, to support the oxygen

carrying capacity.81
Weaning & timing of extubation

As a first step and if tolerated, we lower the FiO2 to <0.4. Next,

we decrease the MAP by 1.0 cm H2O. If MAP is too low, it could

cause lung collapse and injury from atelectasis wherefore

MAP below 7 cmH2O is not applied. In parallel with that, we

lower the amplitude in 1.0 cm increments as tolerated to

maintain the PCO2 at 50-60 mmHg (6.7-8.0 kPa) and pH >7.3.

If on VThf, the amplitude is weaned automatically to deliver

the volume that maintains the prescribed level of ventilation.
Once oxygenation is stable on a MAP of 7-8 cmH2O and FiO2

<0.3, we consider a trial of extubation. Although our extuba-

tion approach might be controversial for other countries, the

timing of extubation is generally later in chronological age for

infants born at 22-23 weeks than for infants born at >24

weeks gestation. In our NICU, the median PMA at the time of

successful extubation from HFOV was 35.9 weeks with an IQR

of 34.1-38.3 weeks, and with a median duration of ventilation

of 89.5 days in surviving infants born at 22-23 weeks gesta-

tion. The reason for a chronologically later extubation than

expected is that we are more concerned about frequent hyp-

oxemia events due to apnea after early extubation than just

the need for supplemental oxygen at 36 weeks PMA in these

extremely premature infants.82 We also extubate these

infants directly from HFOV to nasal CPAP at moderate levels

(5 to 6 cmH2O). Before extubation and during HFOV, we are

cautious to not lower the MAP less than 7 cmH2O, for the rea-

sons mentioned above.

Summary of the Kanagawa Region strategy

We describe the use of HFOV for the ventilatory management

of infants born at 22-23 weeks gestation in the NICU of Kita-

sato University Hospital in the Kanagawa Region, Japan. The

unique points of our respiratory management strategies are

the decision to utilize HFOV early rather than late, the use of

targeted echocardiography to optimize MAP and cardiac out-

put, a conservative ventilatory management strategy with

longer duration of HFOV to avoid the consequences of failing

early extubation, and extubatiion directly from HFOV to nasal

CPAP. Our primary goal for extremely premature infants born

at 22-23 weeks gestation is focused on long-term prognosis

beyond just survival without CLD at 36 weeks PMA (defined

as the need for supplemental oxygen), as their lung structure

and function are so premature that evaluating their prognosis

based just on the use of supplemental oxygen at 36 weeks

PMA is not as relevant for this population as for less prema-

ture infants. Studies evaluating long-term prognosis beyond

just BPD for infants born at 22-23 weeks gestation managed

primarily with HFOV will further help to guide our initial

respiratory care.
Ventilatory Strategies in the Iowa City Region �
High Frequency Jet Ventilation

Over the last 15 years at the University of Iowa, we have

offered resuscitation of premature infants delivered at 22 to

23 weeks of gestation at parental request. During this epoch,

survival to discharge for infants born at the limits of viability

(22-23 weeks gestation) was 78%, and importantly the major-

ity (64%) had no or mild neurodevelopmental impairments at

their 2 year follow up.4 Iowa’s single center high survival and

low morbidity is associated with distinct practices, antenatal

and postnatal, emphasizing a collaborative standardized

approach to this population among both maternal fetal medi-

cine specialists and neonatologists.

Administration of antenatal corticosteroids for impending

preterm delivery at 22-23 weeks gestation is key to improving

survival by enhancing lung maturation. Ehret et al has shown
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that concordant receipt of antenatal steroids and postnatal

life support was significantly associated with higher rates of

survival compared with postnatal life support alone; at 22

weeks infants who received both antenatal steroids and post-

natal life support had higher survival, 38.5%, as compared to

the 17.7% survival in 22 week infants who did not receive

antenatal steroids.3 Between 2005 and 2016 at Iowa, 91% of

infants born at 22 to 23 week’s gestation received antenatal

steroids.4 The standard approach for the administration of

antenatal corticosteroids at Iowa is to give antenatal steroids

at 215/7 weeks when there is concern for potential early birth,

such as in cases of PPROM, labor, or incompetent cervix

before 22 weeks.

Lung development

An intrinsic understanding of fetal lung development improves

neonatologists’ ability to titrate ventilation of infants at 22-23

weeks to minimize volutrauma. Maturation of the lungs is

divided into four periods: the pseudoglandular period, cana-

licular period, terminal saccular period, and the alveolar

period.83 Infants born at the limits of viability undergo much

of their lung development after birth. In the pseudoglandular

period, between 6 and 16 weeks, all the elements of the lung

have formed except those involved with gas exchange, respi-

ration is impossible, and fetuses born during this period are

unable to survive. Between 16 and 26 weeks, the lungs are in

the canalicular period. During this period, the lumen of the

bronchi and terminal bronchioles become larger and the lung

tissue becomes highly vascularized. By 24 weeks each termi-

nal bronchus gives rise to respiratory bronchioles which then

divide into alveolar ducts.

Respiration is possible towards the end of the canalicular

period because thin walled terminal saccules or primordial

alveoli have developed at the ends of the respiratory bron-

chioles and the lung tissue is well vascularized; importantly

the cranial segments mature faster than the caudal seg-

ments resulting in areas of the lung that are mature enough

for gas exchange even at 22 weeks gestation as Type I pneu-

mocytes begin to appear during this period. During the ter-

minal saccular period between 26 weeks and birth, an

increasing number of terminal saccules develop and the epi-

thelium becomes very thin. Type I alveolar cells now fully

line the terminal saccules and gas exchange readily occurs.

Immature Type II alveolar cells which secrete pulmonary

surfactant are scattered among the type I alveolar cells. The

final period, the alveolar period, takes place from 32 weeks

to 8 years. Structures analogous to alveoli are present at 32

weeks, but characteristic mature alveoli do not form until

after birth, about 95% of alveoli develop postnatally. Lung

development during the first few months after birth is char-

acterized by an exponential increase in the surface area of

the air blood barrier. About 50 million alveoli, one sixth of

the adult number, are present in the lungs of a term new-

born infant, and by the 8th year, 300 million alveoli are pres-

ent.83 Pulmonary interstitial emphysema (PIE) is one of the

most serious complications of respiratory distress syndrome

(RDS) in premature infants and significantly increases mor-

bidity and mortality, especially at the canalicular stage of

lung development.84
High Frequency Jet Ventilation

The Model 203 Life Pulse High Frequency Ventilator, (Bunnell,

INC. Salt Lake City, Utah, U.S.A.) was granted premarket

approval by the FDA in 1988 for the clinical use of High Fre-

quency Jet Ventilation (HFJV) for the treatment of RDS compli-

cated by pulmonary air leaks, as HFJV improves the healing of

pneumothoraces by decreasing gas flow through air leaks85

and decreases alveolar exposure to high peak and mean air-

way pressures.86 In a multicenter randomized control trial,

Keszler et al showed that HFJV when compared to conven-

tional ventilation, significantly improved both healing and

survival in patients with PIE.87 The next step was to examine

the use of HFJV in infants with severe RDS not yet compli-

cated by air leaks with the goal that earlier intervention

would reduce the incidence of chronic lung disease. In a sec-

ond multicenter randomized control trial, Keszler et al

showed that HFJV compared to conventional ventilation in

the surfactant era, significantly reduced the incidence of BPD

in premature infants with RDS.88

The Bunnell Jet utilizes a microprocessor controlled pinch

valve to generate a stream of high frequency pulses of fresh

gas, from which the tidal volume is derived by regulating the

desired peak pressure. Ventilation occurs primarily from flow

streaming (Taylor dispersion) which allows ventilation with

below dead space tidal volumes. Gas is injected into the lungs

at a very high velocity, which produces flow streaming, send-

ing gas via laminar and transitional flow down the core of the

bronchial tree minimizing the effect of dead space. A conven-

tional ventilator is always run in tandem with the jet to gen-

erate the PEEP and sigh breaths as well as further providing

heated humidified gas for bias flow. Exhalation on HFJV is

passive from elastic recoil. A special endotracheal tube

adapter is used, which has a separate port through which the

HFJV pulses are introduced and a monitoring port to measure

pressures.

The advantage of HFJV is that the high rates used allow

minute ventilation to occur using small tidal volumes, below

dead space, thereby reducing the risk of volutrauma. Further-

more, these small tidal volumes allow use of optimal PEEP

thus reducing shear stress by limiting the need for conven-

tional tidal volumes while maintaining FRC minimizing the

risk of atelectasis and oxygen toxicity.

Initial ventilatory strategy

Iowa has been a first intention high frequency center for over

25 years initially with the Infant Star High Frequency Ventila-

tor89 and since 2009, primarily HFJV. HFJV ventilation is used

for all infants with RDS who are born at <27 weeks gestation.

It is important to reduce the risk of volutrauma (shear force

injury) to the lung at 22-23 weeks gestation as the lungs are in

the canalicular stage of development and are very susceptible

to acquiring PIE from conventional ventilation. Infants at 22-

23 weeks are universally intubated in the delivery room, often

with 2.0 mm internal diameter endotracheal tubes (ETT). At Iowa,

93% of 22 week and 41% of 23-week gestation infants were

initially intubated with a 2.0 ETT.4 HFJV can be successfully

performed with a 2.0 mm ETT, although a 2.5 mm size Jet

adapter must be used with the proximal end of the 2.0 mm
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ETT slightly dilated. Infants initially intubated with 2.0 mm

ETT often have their ETT electively exchanged for a larger tube at

around 28 days of age. Rates of inadvertent extubation and

endotracheal tube malfunction are similar between infants

ventilated via 2.0 and 2.5 mm ETT.

Our initial HFJV rate strategy is focused on avoidingmechani-

cal injury from air trapping and air leaks. For infants born at

less than 24 weeks gestation, the initial jet rate is 300 breaths

per minute (bpm) which provides an I:E ratio of 1:9 with the

inspiratory time (Ti) set at 20 milliseconds (0.02 sec). At 24-26

weeks gestation, with a slightly more mature lung, we start at

a rate of 360 bpm (I:E of 1:7). If any PIE develops, we drop to

the lower rate since as the rate decreases more time is spent

in expiration with a fixed Ti which decreases inadvertent air

trapping.

In the current era of antenatal steroids and more effective

surfactants we use an initial PEEP of 5 cm to avoid hyperinfla-

tion leading to impaired venous return with a potential impact

on cerebral blood flow. However, we will increase the PEEP as

needed if the infant is still poorly aerated and requiring FiO2>

0.40 after surfactant therapy. The initial PIP is started at 22-

24 cm and adjusted as needed until visible but not excessive

jet vibrations of the chest wall are achieved. All infants born at

22-23 weeks gestation at Iowa receive surfactant, which is

bagged gently in by hand with the conventional PIP set not to

exceed 20 cmH2O. Once the surfactant has been administered,

the PIP and PEEP are adjusted based on blood gases and radio-

graphs per detailed guidelines within the Iowa Neonatology

Handbook (https://uichildrens.org/health-library/management-

strategies-high-frequency-jet-ventilation-neonates).

Background IMV or sigh breaths are not initially started, how-

ever sigh breaths will often be added within the first several

days of life as an alveolar recruitment strategy especially for

“wandering” (focal) atelectasis and then maintained once

started. Sigh breaths are started at an initial rate of 4 bpm

with an Ti of 0.4 seconds and a PIP set at 6-10 cm above the

PEEP but always less than the jet PIP. Once initiated there is

no need to wean the rate, however if PIE develops, the sigh

breaths are discontinued until the PIE has resolved. The other

indication for the use of sigh breaths is to treat alveolar hypo-

ventilation spells which occur when the infant’s own sponta-

neous breathing rate slows below 15-20 bpm leading to

inadequate oxygenation with severe prolonged desaturations

below 80%. To treat these episodes, the rate needs to be

increased to at least 10-12 bpm to decrease both the depth

and duration of the desaturation spells and then maintained

until the patient demonstrates a sustained respiratory drive

and is ready for extubation.

Weaning & timing of extubation

We prioritize avoiding early extubation failure in this fragile

population due to the high mortality and morbidity associ-

ated with a failed attempt.31 Extremely premature infants at

22-23 weeks are ready for a trial of extubation at our institution

when they have strong respiratory drive and meet the follow-

ing respiratory support criteria on HFJV: MAP �10-12 cmH2O

with FiO2 �0.45 and Delta P <14-16 cmH2O (PIP-PEEP). The

median PMA at the time of successful extubation is 31 weeks

with an IQR of 29-33 weeks, median duration of ventilation is
63 days and by 36 weeks PMA only 6% still needed invasive

ventilation with only 1 patient needing a tracheostomy for

home ventilation.4 This low rate of Grade 3 BPD (need for

invasive ventilation at 36 weeks PMA) with high survival for

infants born at 22-23 weeks gestation are the pulmonary out-

comes that should be focused on for the periviable population

rather than just the need for supplemental oxygen at 36

weeks PMA as supported by the work by Jensen et al .12

We extubate to noninvasive ventilation (NIV) using Neurally

Adjusted Ventilatory Assist (NIV-NAVA). NIV-NAVA uses the

electrical activity generated by the diaphragm (EAdi) during

its activation, measured by a catheter inserted either nasally

or orally to synchronize and proportionally assist each spon-

taneous patient breath. The NAVA level gain provides a vari-

able amount of pressure support that synchronizes and

fluctuates with each patient breath depending on changes in

the magnitude of the EAdi.
65 At Iowa, we extubate to Nasal

Pharyngeal CPAP with the PEEP set at least 1-2 cm above the

intubated PEEP with an initial NAVA level gain set to obtain

peak pressures ranging from 14-28 cmH2O
90 and an apnea

time of 5 seconds. If apnea occurs a backup IMV rate (40-60

bpm, PIP 24-32 cmH2O) is initiated to prevent severe desatura-

tions and subsequent bradycardia. Infants should usually be

greater than 850 grams when using NIV-NAVA due to the

length of the EAdi catheter potentially placing pressure on the

gastric wall increasing the risk for perforation in smaller

infants. NAVA support is adjusted based on pCO2 values and

the PEEP is weaned based on clinical and radiographic find-

ings including lengthening the apnea delay as the infant’s

respiratory drive matures. Once there is no longer a need for

ventilatory support to maintain an acceptable pCO2 and the

requirement for a back-up rate for themanagement of central

apnea has also resolved, the patient is placed on standard

Nasal CPAP.

Summary of the Iowa City Region strategy

At Iowa, we take a very cautious approach to the ventilatory

management of the periviable premature infant at 22-23

weeks gestation focused on minimizing volutrauma with the

use of HFJV until the patient is ready for successful extubation.

This conservative approach is different frommoremature pre-

mature infants born at > 24 weeks gestation in which early

successful extubation is more likely and the infant is more tol-

erant of a failed attempt without developing life threatening

atelectatrauma and other morbidities which limit the intact

survival of infants born at�24 weeks gestation.
Conclusive remarks on similarities and
differences in ventilatory strategies

As seen in the table comparing ventilatory strategies from

centers in Uppsala (Sweden), Kanagawa (Japan) and Iowa City

(United States), there are many similarities in the respiratory

approach leading to high survival for premature infants born

at 22-24 weeks gestation (Table 2). This includes the use of

antenatal steroids, early intubation with a 2.0 mm ETT at 22

weeks gestation, a focus onminimizing volutrauma and over-

distention, active involvement of experienced faculty, early



Table 2 – Ventilatory Strategies for Infants Born at 22-24 weeks Gestation Across 3 International Centers

Center Uppsala University, Uppsala,

Sweden

University of Iowa, Iowa City,

United States

Kitasato University, Kana-

gawa, Japan

Prenatal management Antenatal Steroids Antenatal Steroids Antenatal Steroids

Delivery roommanagement Intubate immediately with 2.0

ETT and place on ventilator.

Transfer to NICU on ventila-

tor.

ETT depth 5.5 cm at lip.

Bag mask ventilation trial for

<30 seconds, then intubate

with 2.0 ETT. Transfer to

NICU with bagging via ETT.

ETT depth 5.5-6.0 cm at lip.

Intubate with 2.0 ETT and

placed on conventional

ventilation. ETT depth 5.5-

6.0 cm at lip.

Initial mode of ventilation Synchronized intermittent ven-

tilation with volume guaran-

tee (VG), then switched to

assist control with pressure

support ventilation with VG.

First intention high frequency

jet ventilation on admission,

sigh breaths (4 per minute)

added later if needed for atel-

ectasis or desaturation spells.

Converted to high frequency

oscillator ventilation with

volume guarantee depend-

ing on cardiac function,

sustained inflation (sigh

breaths 3 per minute) regu-

larly used.

Strategic Goals Minimize volutrauma and

overdistention with oversight

from experienced faculty

Minimize volutrauma and

overdistention with oversight

from experienced faculty

Minimize volutrauma and

overdistention with over-

sight from experienced

faculty

Initial Target Saturation

Limits

85-90% 84-93% 90-95%

Initial pCO2 Goals 37-52 mmHg (5-7 kPa) 45-60 mmHg (6-8 kPa) 50-60 mmHg (6.7-8 kPa)

Surfactant Administration Instilled immediately in deliv-

ery room

Instilled within the first hour of

life in the NICU after radio-

graphic confirmation of ETT

position

Instilled in the NICU within

six hours of life with radio-

graphic confirmation of ETT

position

Prophylactic Indomethacin No No Yes

Sedation None, minimal handling None, minimal handling Phenobarbital, minimal

handling

Cardiac Approach No routine inotropic treatment

or use of echocardiography in

the first week. Systemic ste-

roids avoided.

No routine use of inotropes or

vasopressors with HFJV.

Stress dose steroids for tran-

sitional BP support if needed.

Targeted neonatal echocardi-

ography screening for hemo-

dynamically significant PDA

and ventricular dysfunction.

Routine use of dopamine and

dobutamine with HFOV.

Targeted echocardiography

used to screen for ventricu-

lar dysfunction and

impaired venous return on

HFOV.

Caffeine Begin 1st day of life Begin 1st day of life Begin 1st day of life

Primary mode of support

after extubation

Nasal CPAP, transition to NIV-

NAVA if repeated failures

NIV-NAVA when greater than

850 grams

Nasal CPAP

Timing of successful extuba-

tion to minimize failure

29.0 weeks PMA 31.0 weeks PMA (IQR 29-33) 36.1 weeks PMA (IQR 35.0-

37.2)
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administration of surfactant, well delineated goals for both

oxygen saturation and pCO2 levels, early administration of

caffeine, and a priority in avoiding extubation failure by sup-

porting the extremely premature infant until both their brain

and lungs are developmentally capable of maintaining a sus-

tainable respiratory drive off the ventilator. While there are

differences in the ventilators used and the approach to car-

diac issues, overall, the philosophies used by these centers

for the respiratory care of periviable infants have more in

common than not. Until more premature infants born at 22

weeks gestation are included in randomized control trials of

ventilatory strategies, it is difficult to say that any one specific

approach is clearly superior to another and thus examining

similarities in clinical factors at successful centers can shed

some light on the care of the periviable infant.
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