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Abstract

Aim: We tested whether operators using manometers attached to
self=inflating bags could accurately deliver set targeted peak inspiratory
pressures (PIPs) compared to the Neopuff™ T-piece resuscitator (TPR).
Methods: Participants provided positive pressure ventilation to a leak-free
neonatal test lung at a rate of 60 inflations/min and a flow of 8 L/min.
Participants used three manometers attached to self-inflating bags and a
Neepuff™ TPR to target PIPs of 20, 30, and 40 cmH»O on each device.
Mean/PIPs delivered with each manometer were compared to the ‘gold-
standard’ Neopuff™ TPR. Results: 13,991 inflations delivered by 20
participants were analysed. At all target PIPs, the mean PIP delivered using
the Mercury Medical manometer attached to a Laerdal self-inflating bag was
significantly higher by 5 cmH>O (P < 0.01) than the Neopuff™ TPR. The PIP
delivered using both the Ambu™ and Parker Healthcare manometers
attached to their respective devices was similar to that delivered by the
Neopuff™ TPR at all targeted PIPs. Conclusion: Accurately targeted PIPs
can be-achieved when a manometer specifically designed for use on a self-
inflating bag is used during manual ventilation. This may be useful in settings
where access to a Neopuff™ TPR or a gas flow source is limited.
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Key=notes:

e_The ability to deliver consistent peak inspiratory pressures (PIPs) with
self-inflating bags is challenging, and inconsistency can lead to incorrect
lung inflation causing injury.

e We demonstrated that accurately targeted PIPs can be achieved using a
manometer designed specifically for use with a self-inflating bag during
manual ventilation.
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e This may be useful in settings where access to a Neopuff™ TPR or a gas

flow source is limited.

Introduction

Approximately 6 million newborn infants require resuscitation each
year (1). The most important aspect of neonatal resuscitation is effective
ventilation, which reduces intrapartum-related neonatal death by up to 47%
in resource-limited settings (2). According to international guidelines,
effective positive pressure ventilation (PPV) may be provided using self-
inflating bags and T-piece resuscitators (TPRs) (3). Several manikin studies
have shown that TPRs are the ‘gold standard’ because they deliver accurate
and consistent positive airway pressure (PIP), and constant tidal volumes (4,
5). However, self-inflating bags are primarily used in low-resource settings
because TPRs are expensive and require a gas flow source to drive the
device:

The ability to deliver a consistent PIP varies considerably between
self-inflating bags (6). This poses a significant problem because excessive
airwayspressure (barotrauma) increases the risk of lung injury (7), which may
ultimately lead to bronchopulmonary dysplasia (BPD). Some manufacturers
produce small spring manometers that can be attached, or are built in, to
self-inflating bags to allow operators to target a specific PIP during manual
ventilation. Manometers can also be purchased as individual items for
attachment to some devices. However, neonatal studies comparing TPRs
and self-inflating bags generally do not include manometers on the latter
devices (9). Moreover, the value of using a manometer has been questioned
in theliterature (10) and research investigating whether manometers
increase the accuracy of delivered PIP is limited.

The aim of this study was to determine whether operators using three
internationally available manometers attached to self-inflating bags could
accurately deliver set targeted PIPs compared to the Neopuff™ TPR.

Participants and Methods
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This bench-top study was performed at the Royal Women’s Hospital,
Melbourne. Neonatal staff (doctors, nurses and clinical researchers) that had
not used a self-inflating bag during the past 2 years were invited to
participate in the study. We tested three new manometers attached to new
self=inflating bags, against the ‘gold-standard’ Neopuff™ infant resuscitator
with built-in manometer and pressure-relief valve (Fischer & Paykel
Healthcare; Auckland, New Zealand) (Fig. 1). The manometers tested were:
(1):a disposable Mercury Medical manometer (range 0-40 cmH20;
manufacturer specified accuracy +5 cmH,0O) attached to a Laerdal infant
resuscitator (240 mL capacity and 35 cmH»O pop-off valve; Laerdal Medical,
Stavanger, Norway); (2) a non-disposable Ambu™ manometer (range 0-60
cmH>0O; manufacturer specified accuracy +2 cmH,0 at PIP 20 and 30, and
+3 cmH20 at PIP 40) attached to an Ambu™ Mark IV Baby resuscitator (450
mL.capacity and 40 cmH,O pop-off valve; Ambu™ A/S, Ballerup, Denmark);
and.(3).a disposable Parker Healthcare manometer (range 0-60 cmH2O;
unreported accuracy) built into a Parker Healthcare infant resuscitator (280
mLcapacity and 40 cmH,O pop-off valve; Parker Healthcare, Melbourne,
Australia). All manometers used during the study consisted of small and light
spring'devices attached, or built in, to the patient end of the self-inflating bag
(Fig. 1). When pressure is applied to the self-inflating bag, the gas fills the
manometer chamber and the spring is compressed (Fig. 1).

A preliminary investigation prior to study commencement compared
the PIP delivered with each self-inflating bag with and without a gas flow.
Analysis.of 5,868 inflations showed that gas flow had no significant affect on
delivered PIP. Therefore, to maintain scientific consistency between the self-
inflating-bags and the Neopuff™, which requires a gas flow for operation, all
devices were connected to a gas flow source of 8 L/min. The self-inflating
bags*had no positive end expiratory pressure (PEEP) valve attached,
whereas the Neopuff™ PEEP was set at 5 mmHO.

Participants were asked to provide positive pressure ventilation (PPV)
to a neonatal test lung (Drager, Lubeck, Germany) attached to each device
at a rate of 60 inflations/min. Manual inflations were delivered at a constant
rate using a metronome (MetroTimer 3.3.1, ONYX Apps, Sofia, Bulgaria).
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The leak-free neonatal test lung had a compliance of 0.6 mL/cmH,0O and
resistance of 85 cmH,O/L/s. Participants targeted PIPs of 20, 30, and 40
cmH20 on each device using the manometer attached. The delivered PIP
was measured using a calibrated Florian Neonatal Respiratory Monitor
(Acutronic Medical Systems, Zug, Switzerland) during PPV for one minute at
each PIP level. The pop-off valve was occluded at a targeted PIP of 40
cmHz0 for'each of the three self-inflating bags because the pressure
threshold at which the valves release are not consistent between brands.
The_ order in which each PIP and device was used was randomised for each
participant prior to commencement, and participants rested for one minute
between devices to prevent fatigue. Delivered PIP was recorded digitally at
200"Hz'using Spectra software (Grove Medical, London, UK). The study
system was leak-free.

Data were extracted from Spectra and analysed using Stata/IC
version 13.0 (StataCorp LP, Texas, USA). The first and last inflation of each
60-second recording were removed prior to analysis. For each targeted PIP,
a single.model linear regression was used to compare the PIP delivered by
each'device to that of the Neopuff™ TPR. In each model, delivered PIP and
device:were the dependent and independent variables, respectively, and
data were clustered by operator. Statistical significance was assumed if P
<0.05.

Results

Artotal of 13,991 inflations delivered by 20 participants were analysed.
Pressures delivered by all devices are shown in Table 1 and Fig. 2. At all
targeted PIPs, the mean PIP delivered using the Mercury Medical
manometer was consistently significantly higher than the Neopuff™ TPR (P <
0.01), whereas the PIP delivered when using both the Ambu™ and Parker
Healthcare manometers was similar to the Neopuff™ TPR at all target PIPs.
However, all self-inflating bags delivered a wider PIP range than the
Neopuff™ TPR (Fig. 2).
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Discussion

Previous bench-top studies show that TPRs deliver more consistent
targetiinflation pressures than self-inflating and flow-inflating bags (11, 12).
Two of the self-inflating bags used in this study (Laerdal and Ambu™) have
previously'been shown to deliver excessive PIPs in the absence of a
manometer. Use of the Mercury Medical manometer with the Laerdal self-
inflating bag generated more consistent PIP but it was almost 5 cmH,0
higher than the targeted PIP. Operators using both the Ambu™ and Parker
Healthcare manometers delivered PIPs similar to the Neopuff™ TPR.
Although the manometers have a similar design, the pressure level is
indicated differently. When pressure is applied to the self-inflating bag,
compression of the spring forces the pressure indicator on the Mercury
Medical manometer to move in a circular (clockwise) manner, whereas the
spring.itself indicates the pressure that is delivered in the Ambu™ and Parker
Healthcare manometers (Fig. 1). We speculate that these differences in
manometer design may explain why the accuracy of the Mercury Medical,
and Ambu™ and Parker Healthcare manometers varied.

In neonatal resuscitation training programs clinicians are taught to
assess the degree of chest wall movement as a measure of adequate lung
inflation (3). However, this method of assessment is a poor proxy for PIP and
tidal volume delivery, and may result in under- or over-inflation of the lung (9,
13), causing injury that leads to BPD. Our findings suggest that the use of a
manometer attached to a self-inflating bag may assist in the delivery of
consistent PIP and thus reduce lung injury. Our results agree with previous
studiesishowing the benefit of using a manometer to target PIP during
manualventilation. Zmora and Merritt demonstrated that operators
sueecessfully achieved a PIP of 30 cmH>O 74% of the time when a
manometer was used, compared to only 13% when it was not (14).

TPRs are commonly used and are becoming the device of choice for
neonatal resuscitation in many well-resourced settings (15), because of its
consistent PIP delivery and the capability of delivering PEEP. However, there
is limited evidence to support its use over a self-inflating bag (16), the
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recommended device when a compressed gas source is unavailable (17). To
the best of our knowledge, there are only two published neonatal clinical
trials comparing these devices for the delivery of PPV in the delivery room (9,
18). Szyld et al compared the use of a Neopuff™ TPR versus an Ambu™
self=inflating bag fitted with a manometer and a pop-off valve, in a large
multicentre randomised control trial that included infants 226 weeks’
gestation(19). They targeted a PIP of 25 cmH,O and their primary outcome
was HR =100 bpm at 2 minutes after birth. They found that, although the use
of a_TPR significantly decreased the intubation rate in the delivery room (17
Vs 26%4 P < 0.01), as well as the maximum PIP provided and its variability
(26£149vs 28+4.9 cmH»0), there was no difference in the primary outcome.
Furthermore, there were no differences in secondary clinical outcomes
beyond the delivery room (days on respiratory support, use of oxygen, and
BPD). Dawson et al compared the use of a TPR versus a self-inflating bag,
fitted with a pop-off valve but without a manometer, including infants <29
weeks’ gestation born in a large tertiary centre (8). PIP was set at 30 cmH,O
with. the TPR but could not be targeted with the self-inflating bag. Primary
outcome was SpO; at 5 minutes after birth. Respiratory variables measured
in 59%of the infants showed that mean PIP delivered with the TPR was
similar to the self-inflating bag (30+1.9 vs 31.5+5.6 cmH,0). Delivered mean
expiratory tidal volume was also similar between devices. Finally, they found
no significant difference in the primary outcome (SpO, 61 vs 55%) or any
other respiratory intervention in the delivery room (CPAP support, intubation,
surfactant administration, oxygen administration) or during NICU admission
(oxygen delivery at 28 days after birth or BPD at 36 weeks’ corrected age).
O’Donnell et al compared a TPR and a Laerdal self-inflating bag with
andswithout a manometer, showing no significant difference in tidal volume
between the three devices (10). They concluded that measuring tidal volume
was'more important than PIP during ventilation of newborn infants, a
conelusion shared by other studies (20-22). PIP is only a single variable
influencing tidal volume and others including PEEP, inspiratory time and
mean airway pressure may play an important role. Also, for a given PIP, tidal
volume may change according to lung compliance and resistance (20).
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Neonatal self-inflating bags are manufactured with a built-in pop-off
valve that limits the PIP to 35-40 cm H,O (23). Further clinical studies are
therefore needed to determine whether knowing the PIP improves clinical
outcomes following PPV. This is especially important in low-resource settings
wherera'self-inflating bag is the device of choice for neonatal resuscitation
(17).

Operator skill level influences PIP delivered during manual bag and
mask ventilation in the absence of a manometer (6). However, experience
does not affect PIP when using a TPR because target PIP is manually set
prior to providing PPV. The variability of PIP delivered with a self-inflating
bag'decreases when a manometer is used during ventilation regardless of
operator level of experience (10). This is also shown in our study, where
mean delivered PIP with the Ambu™ and Parker Healthcare manometers
was comparable to the Neopuff™ mean PIP despite the limited recent self-
inflating bag ventilation experience of our operators.

We recognise that our study was conducted in a controlled
environment that may not accurately reflect a clinical setting, where
distractions, stress and fatigue may disrupt the administration of consistent
PIPs with a self-inflating bag. We noted some limitations of individual
devices; we found that the built-in Parker Healthcare manometer was
unsuitable for left handed operators due to its position on the device, also the
attachment site for the Mercury Medical manometer on the Laerdal device
made it difficult to visualise the manometer.

In conclusion, accurate PIPs can be delivered using some small
portable manometers designed specifically for use with self-inflating bags.
This may be useful in low-resource settings where access to a TPR is
limited=Clinical studies are needed to ascertain whether a portable
manemeter improves clinically important outcomes following PPV in newborn
infants. Studies comparing self-inflating bags with and without a manometer
are needed in low-resource settings.
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Table 1. Mean (SD) pressure delivered at three target pressures using four different

manometers.

Delivered pressure (cm H,0)

Target Pressure Neopuff TP Ambu Mercury Medical Parker Healthcare
(cm H,0) Mean (SD) Mean (SD) P-vaue Mean (SD) P-vaue Mean (SD) P-vaue
20 20 (3) 20 (1) 0.49 25 (1) <0.01 19 (4) 0.20
30 30 (3) 30 (2) 0.73 33 (1) <0.01 29 (3) 0.08
40 39 (3) 40 (3) 0.06 45 (3) <0.01 40 (3) 0.42

Figure legends

Figure 1. Operator (A) and close-up (B) views of three self-inflating bag manometers
displaying pressures of 0 and 30 cmH>0O (MM = Mercury Medical; AM = Ambu; PH =

Parker Healthcare).
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Figure 2. Median and interquartile range of pressures delivered at 3 target pressures
using 4 different manometers (NP = Neopuff t-piece resuscitator; MM = Mercury
Medical; AM = Ambu; PH = Parker Healthcare).
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