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ABSTRACT
Introduction: Newborn resuscitation is commonly performed in the presence of face mask leak. Leak is highly variable,

pressure‐dependent and often unrecognized. The effectiveness of resuscitation devices to deliver adequate inflations in the

presence of leak is unknown. Bench models simulating continuous leak have the disadvantage of not accurately reflecting leak

occurring during clinical resuscitation. A dynamic leak model based on pressure‐release valves was thus developed.

Methods: This study investigates self‐inflating bag (SIB) and T‐piece resuscitator (TPR) ventilation performance in the presence

of dynamic (DLM) compared to continuous (CLM) leak models in a bench study. Five predefined leak levels were tested for

each leak model (0%–87%). Resuscitation devices were connected to a test lung (compliance 0.6 mL/cmH2O) and respiratory

parameters were measured using respiratory function monitors before (patient interface) and after (actual) an induced leak at

40, 60, 80 inflations/min.

Results: Three thousand six hundred inflations were analyzed. DLM showed a decrease in actual tidal volumes from 0%‐87%
leak with tidal volume differences (SIB 4.8 mL, TPR 2.9 mL), contrasting to minimal change for CLM (SIB ‐0.6 mL, TPR 0.3 mL).

CLM demonstrated larger differences between patient interface and actual leak. The absolute difference at 60 inflations/min at

87% leak were SIB 37.5%, TPR 18.2% for CLM compared to SIB 4.6%, TPR 1.4% for DLM.

Conclusions: CLM may underestimate the impact of resuscitation device performance with poor correlation between patient

interface and actual delivered volume. DLM demonstrates several advantages with a more accurate representation of face mask

leak and will prove useful in modeling all systems delivering PPV.

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited and is not used for commercial purposes.
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1 | Introduction

Globally approximately 10% of infants do not breathe at birth [1,
2]. These infants require resuscitation with positive pressure
ventilation (PPV). The delivery of PPV via a facemask using a
self‐inflating bag (SIB), T‐piece resuscitator (TPR) or flow‐
inflating bag is recommended in the 2023 ILCOR guidelines [1].
The reliability of these devices to deliver consistent adequate
tidal volumes and inflation pressures to newborn infants is
critical for effective resuscitation [3, 4].

Performing PPV can be a challenge even for experienced cli-
nicians. Poor technique and face mask leak have been described
in a meta‐analysis to result in a median mask leak of 29% and
may cause substantial fluctuations in delivered ventilation
[5–7]. This can result in inadequate or excessive tidal volumes
(Vt) which can cause secondary brain and/or lung injury [5, 8].
Therefore, it is important to determine how the performance of
resuscitation devices used to deliver PPV is impacted by the
presence of mask leak. This requires benchmarking with a
mechanical model that best simulates face mask leak that oc-
curs during resuscitation at birth.

The effect of leak on a resuscitation device's ability to deliver
volumes and pressures has been evaluated with simulated
in vitro leak models [9–11]. Currently, published bench models
use a continuous leak model (CLM) where leak is present
throughout the entire ventilation cycle.

This CLM was used by Hartung et al. in an in vitro study
investigating the performance of resuscitation devices at leak
levels (ranging from 0% to 87%) simulated by different lengths
of silicone tubing creating different resistances [11]. In this
model, the delivered tidal volume increased with leak [11]. This
result appears counter‐intuitive to what is observed clinically.
Their findings were explained as an effect of increased driving
pressures (Δp = peak inspiratory pressure [PIP] – positive end‐
expiratory pressure [PEEP]) due to more pronounced reduc-
tions in PEEP. Other possible factors including errors in respi-
ratory function monitor (RFM) triggering volume measurement
and flow patterns in the leak tubing during deflation were not
explored.

In contradiction, Gomo et al. hypothesized that leak would be
dynamic and nonlinear in real‐life resuscitations. And that leak
would rise and fall directly related to changes in airway pres-
sure, depending on mask shape, size, position, hold and force
applied [12]. This was supported in several studies where mask
leak has been described as highly variable and pressure
dependent [9, 13–15].

The increase in expired volume with increasing leak shown
when using the CLM is inconsistent with observations (chest
rise and fall) during real resuscitations requiring PPV.

This discrepancy could potentially be solved with the develop-
ment of a dynamic leak model (DLM) where leak is controlled
by a pressure limiting valve. Leak predominantly occurs as the
inflation pressure increases and thus is described as a pressure‐
dependent leak. This hypothesis led us to the design of a novel
DLM aimed to better simulate leak during PPV with manual

resuscitators. The DLM should reflect use of respiratory func-
tion monitoring integrated with modern mechanical ventilators.

This study aims to compare the performance characteristics of a
new DLM to CLM in a bench test simulating newborn resus-
citation with a TPR and SIB in the presence of a range of leak
levels.

2 | Methods and Devices

2.1 | Manual Resuscitation Devices and Settings

The performance of two leak models was compared using two
manual resuscitation devices: (1) Self‐inflating bag (SIB) (Ambu
reusable Mark VI, Ambu, Copenhagen, Denmark) with a PEEP
valve (Ambu disposable #199 102 001) and (2) T‐piece resus-
citator (TPR) (Neopuff, Fisher & Paykel Healthcare, Auckland,
New Zealand). The setup is described in Figure 1.

Given the potential fluctuations in hand squeezing the SIB, the
SIB device was automatically operated using a robotic mecha-
nism designed to simulate a two‐finger bag squeeze previously
developed by Tracy et al [3]. The T‐piece device was manually
operated by a single experienced operator (gas flow of 10 L/
min), using a metronome to guide the inflation rates. Peak
Inspiratory Pressure (PIP) was set at 20 cmH2O, and PEEP of 5
cmH2O at zero leak across three inflation rates (40, 60, and 80
inflations/min) with an inspiratory and expiratory ratio of 1:1.

2.2 | Measurement Devices

A Florian RFM (Acutronic, Medical Systems AG, Zug, Switzer-
land) was used to measure the ventilation parameters delivered to
the system before an induced leak and was referred to as the
“Patient Interface” values. A ventilation analyzer (FlowAnalyser
PF‐300 IMT Medical, Buchs, Switzerland) was used to measure
parameters delivered to a test lung (compliance of 0.6mL/cmH2O)
(Test Lung 191, Maquet, Rastatt, Germany) after an induced leak
and was referred to as “Actual” values. The parameters from the
patient interface were compared to the actual parameters and used
to evaluate the two different leak models.

Before data collection, the Florian RFM was calibrated (airway
pressure, flow and volume) and measurements were verified by a
traceable reference ventilation analyzer (PF‐300 IMT Medical,
Buchs, Switzerland) and a precision syringe (Hans Rudolph 5520
10mL). The Florian was within the manufacturer's stated accu-
racy specifications. Each leak was then introduced incrementally
starting at 0% for each data collection sequence.

2.3 | Leak Models

Two leak models were used to simulate Continuous and
Dynamic leak (CLM, DLM). Five leak levels were predefined at
0%, 22%, 46%, 68%, and 87% reproducing the levels used by
Hartung et al. reported at 60 inflations/min using their defini-
tion of leak [11]. Leak models tested were:
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1. The CLM, uses tubing of known lengths and internal
diameters [11, 16]. We used Tygon® tubing with an
internal diameter of 1.6 mm and outer diameter 4.8 mm
cut to lengths presented in Supplementary Table 1. The
tubes were connected using a male luer lock connector
(ID: 2 mm) with one end open to the atmosphere. The
tube resistance will generate a continuous leakage during
inflation and deflation. To simplify data collection several
tube lengths were tuned to match each required leak level
for each resuscitation device at an inflation rate of 60
inflations/min.

2. The DLM was developed using PEEP valves (Ambu #199
102 001) set to release at differing pressures (0–20 cmH2O)
during inflation. The pressure levels were set at a value
that produced the same level of leaks. The valve pressure
levels were set individually before each test at the required
rate and settings. A new valve was used for each test. The
Ambu PEEP valves have a large surface area and thus low
resistance pressure to produce the DLM. The leaks oc-
curred mostly at higher pressures during inflation. To
simplify data collection several identical PEEP valves were
used and adjusted to match each inflation rate and
resuscitation device.

2.4 | Data Collection

Analyses were performed on the flows, volumes and pressure
waveforms to determine the PIP, PEEP, tidal volume inspira-
tion (Vti), and tidal volume expiration (Vte) at both the patient

interface and test lung (actual). Sixty inflations were analyzed
per combination. The data at the patient interface were col-
lected and analyzed using Spectra software (Grove Medical,
London, England). The actual data measured at the test lung
were collected using the IMT FlowAnalyser Flowlab software
(IMTMedical, Buchs, Switzerland) and analyses were per-
formed using LabChart (AdInstruments, Dunedin, New Zeal-
and). Leak was calculated as the difference between Vti and Vte
or VtActual as a percentage of Vti (Equations 1 and 2).

2.5 | Leak Calculations

Patient Interface Leak
Vti Vte

Vti
(%) =

( − )
× 100 (1)

Actual Leak
Vti VtActual

Vti
(%) =

( − )
× 100 (2)

Vti: Tidal volume during inspiration (RFM), Vte: Tidal volume
during expiration (RFM), VtActual: Actual Tidal volume mea-
sured at the test lung. The actual leak calculated at the test lung
is not affected by expiratory leak and only represents inspira-
tory leak.

2.6 | Statistical Analysis

ANOVA for repeated measures was performed to determine the
variability and significance of results for all rates and combi-
nations. Summary statistics including mean and standard

FIGURE 1 | Experimental set‐up. The performance of a self‐inflating bag (SIB) and t‐piece resuscitator (TPR) in the presence of a continuous and

dynamic leak models were investigated. The pressure (P), flow (F) and volume (V) were measured at two positions, before an induced leak at the

patient interface position and after the induced leak at the test lung (actual) position. [Color figure can be viewed at wileyonlinelibrary.com]
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deviation (SD) were performed to determine variance of pres-
sures, tidal volumes and leak. Negative leak values between ‐
15% and 0% were inspected and re‐coded to 0%. Negative leaks
of less than < ‐15% were discarded.

3 | Results

3.1 | Overall and Rate

Three thousand six hundred inflations were analyzed. There
were small differences between the three inflation rates used,
assessed by multivariate repeated measures ANOVA. Inflation
rates of 60 inflations/min are presented in detail. Inflation rates
of 40 and 80 are available as Supporting data in Supporting
Information S1: Tables 1, 2 and 3.

3.2 | Leak

CLM had larger differences between the leak at the patient interface
and the actual leak measured at the test lung compared to DLM.

The largest absolute difference at 60 inflations/min were recorded
with a leak of 87% for CLM: SIB 37.5% and TPR 18.2% compared to
SIB: 4.6%, TPR 1.4% for DLM (refer to Table 1 and Figure 2). In
Figure 2, the relationship between the two leak models is better
correlating for DLM and less so for CLM.

3.3 | Tidal Volume

For both devices and leak models, the expired tidal volume at
the patient interface decreased as leak increased. The actual
tidal volume decreased with increasing leak for the DLM con-
trasting with tidal volumes remaining relatively constant for the
CLM for both devices (refer to Figure 3A). DLM showed a
decrease in actual tidal volumes from 0% to 87% leak (SIB
4.8 mL, TPR 2.9mL), contrasting to minimal change for CLM
(SIB −0.6 mL, TPR 0.3mL).

3.4 | Pressure

Small differences were observed between the patient interface
and actual PIP and PEEP values (Supporting Information S1:

TABLE 1 | Leak model comparison table, patient interface and actual tidal volumes (expiratory Vte, VtActual), and leak (%) for T‐piece (TPR) and
self inflating bag (SIB) at an inflation rate of 60 inflation/min.

Leak
Model ‐
Device

Set
Leak
Level a Vte (mL)

b VtActual
(mL)

c Vt

Difference

(mL)

Patient
Interface
Leak (%)

Actual
Leak (%)

d Leak
difference (%)

CLM ‐ SIB 0% 9.3 ± 0.2 8.7 ± 0.2 0.5 ± 0.2 2.7 ± 1.1 8.4 ± 2.4 −5.8 ± 2.5

22% 8.4 ± 0.1 9.2 ± 0.2 −0.8 ± 0.2 24.5 ± 1.0 17.3 ± 1.8 7.2 ± 2.0

46% 6.9 ± 0.2 9.3 ± 0.1 ‐2.8 ± 0.2 47.7 ± 0.9 25.7 ± 1.4 22.0 ± 1.7

68% 5.7 ± 0.1 9.5 ± 0.1 ‐5.0 ± 0.3 71.4 ± 1.1 39.6 ± 1.3 31.8 ± 1.9

87% 3.6 ± 0.1 9.3 ± 0.1 ‐7.0 ± 0.1 87.4 ± 0.4 49.9 ± 0.7 37.5 ± 0.8

DLM ‐ SIB 0% 8.9 ± 0.2 8.9 ± 0.1 0.0 ± 0.2 1.7 ± 1.5 1.8 ± 1.1 0.0 ± 1.7

22% 7.9 ± 0.2 8.4 ± 0.1 ‐0.4 ± 0.2 22.0 ± 1.5 17.8 ± 1.9 4.1 ± 1.7

46% 6.9 ± 0.2 7.2 ± 0.1 ‐0.3 ± 0.2 46.3 ± 1.5 43.6 ± 0.9 2.7 ± 1.7

68% 5.2 ± 0.2 6.0 ± 0.1 −0.8 ± 0.2 69.3 ± 1.1 64.7 ± 0.8 4.5 ± 1.4

87% 3.0 ± 0.1 4.1 ± 0.1 ‐1.1 ± 0.2 87.7 ± 0.7 83.1 ± 0.3 4.6 ± 0.7

CLM ‐ TPR 0% 9.3 ± 0.2 9.2 ± 0.1 0.1 ± 0.2 2.2 ± 1.3 3.2 ± 2.0 ‐1.0 ± 2.1

22% 8.4 ± 0.1 9.3 ± 0.2 ‐0.9 ± 0.2 19.6 ± 1.4 10.7 ± 2.2 8.9 ± 1.9

46% 6.9 ± 0.2 9.0 ± 0.1 ‐2.1 ± 0.2 52.5 ± 1.6 38.3 ± 2.1 14.3 ± 1.5

68% 5.7 ± 0.1 9.1 ± 0.2 ‐3.4 ± 0.2 71.6 ± 1.1 54.9 ± 2.0 16.7 ± 1.4

87% 3.6 ± 0.1 8.9 ± 0.1 ‐5.3 ± 0.1 87.7 ± 0.5 69.4 ± 1.4 18.2 ± 1.0

DLM
‐ TPR

0% 9.4 ± 0.1 9.4 ± 0.2 0.0 ± 0.2 0.0 ± 0.2 0.1 ± 0.3 ‐0.1 ± 0.4

22% 8.9 ± 0.1 9.2 ± 0.2 −0.3 ± 0.2 21.2 ± 3.9 18.5 ± 3.8 2.7 ± 2.0

46% 8.3 ± 0.1 8.8 ± 0.2 ‐0.5 ± 0.2 44.5 ± 3.2 41.1 ± 3.6 3.5 ± 1.2

68% 7.3 ± 0.1 8.4 ± 0.1 −1.1 ± 0.1 65.3 ± 2.9 60.3 ± 3.1 5.0 ± 0.7

87% 5.9 ± 0.1 6.5 ± 0.1 −0.7 ± 0.2 88.1 ± 0.7 86.7 ± 0.9 1.4 ± 0.4

Note: Leak model (continuous CLM, dynamic DLM) results presented as mean and standard deviation ( ± SD) at a rate of 60 inflations per minute.
aVte expired volume at patient interface.
bVtActual is tidal volume in the lung.
cVtDifference is difference between Vte and VtActual.
dPatient Interface leak – Actual Leak.
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Table 2). As leak increased the actual PIP and PEEP decreased
from the set values for all devices, percentage decrease: DLM
(SIB 53.1%, TPR 24.8%); CLM (SIB 18.8%, TPR 8.8%) (refer to
Figure 3B, C, Supporting Information S1: Table 2). PEEP
remained constant for both leak models when TPR was used.
The largest decrease in PEEP was recorded at 87% leak when
CLM was used with the SIB with a percentage decrease of CLM
63.5% compared to 36% with DLM 36.0%.

4 | Discussion

The variable nature of face mask leak during newborn resus-
citation is complex and has previously been simulated using
CLM. Compared to this model our novel DLM exhibited a
decrease in lung tidal volume as leak increased (refer to
Figure 4). This finding is closer to clinical experience with
modern ventilators and is consistent with the decrease in tidal
volume with increasing leak reported in clinical and in vitro
studies [5, 12, 17]. Several studies investigating endotracheal
tube and laryngeal mask leak have also reported leak as variable
and could be in support of using a DLM to simulate clinical
mask leak [9, 18, 19].

The pressure‐dependent nature of leak results in a greater
leakage during the inflation phase of the breathing cycle. In our
study, this was observed for the DLM with small differences
between VtActual and Vte at the patient interface (refer to Fig-
ure 3A) [11, 14]. This validates the DLM as a pressure‐
dependent leak and indicates that it is a valuable tool for sim-
ulating clinical mask leakage.

The CLM data observed in our study for PIP, PEEP and VT
show similar findings to those of Hartung et. al., including the
minimal effect on lung volumes with an increasing leak [11].
This finding is interesting and not experienced clinically [12].
The observed lack of reduction in volume despite leak was ex-
plained by Hartung et al. as related to unchanged driving
pressure (Δp) with increased leak since both PIP and PEEP
pressures were reduced [11]. This behavior was observed for the

CLM in our study, consistent with Hartung's study. We do not
consider Δp with CLM as the entire explanation for unchanged
lung volumes with system leaks as high as 87%. ANOVA
adjusted means for Δp showed reduced pressure from 15.1
cmH2O with 0% leak to 11.4 cmH2O at 87% leak adjusting for
model, device and rate. The R2 coefficient of 0.65 indicated
other factors may be important and not in the model such as
deflation cycle entrainment of volume.

Mechanical ventilators use ventilator‐specific leak compensa-
tion algorithms to correct tidal volume measurements and
adjust delivered flows and pressures to achieve required tidal
volumes with the best‐performing ventilators having an accu-
racy of ± 10% at high leak values [20]. This is not possible
during resuscitation using manual devices, as these devices rely
on the skills of the clinician, face mask technique and crude
tidal volume estimations based on chest wall rise [4, 21–24].

FIGURE 2 | Mean patient interface leak and actual leak for all

manual resuscitation devices (Self‐inflating bag [SIB] and t‐piece
resuscitator [TPR]), leak models (continuous leak model [CLM] and

dynamic leak model [DLM]) and leak levels for an inflation rate of 60/

min. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 | Mean actual respiratory parameters measured at the

test lung (A) PIP, (B) PEEP, (C) Tidal volume for all manual resusci-

tation devices (Self‐inflating bag [SIB] and t‐piece resuscitator [TPR]),

leak models (continuous leak model [CLM] and dynamic leak model

[DLM]) and leak levels for an inflation rate of 60/min. [Color figure can

be viewed at wileyonlinelibrary.com]
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Therefore, it is important to determine how manual resuscita-
tion devices perform in the presence of leak.

In our study, PPV provided with TPR was less affected by the
presence of leak compared to SIB. This confirms the findings by
O'Donnell et al. and Hartung et al [11, 14]. The TPR was able to
deliver adequate volumes (6–8mL/kg) at the largest leak level
of 87% in both leak models, with little decrease in set pressures
(Figure 3B, C, Supporting Information S1: Table 2) [6, 22]. The
continuous flow of the TPR compensates for leak and this same
mechanism has been reported to create a greater leak occur-
rence with SIB [14]. The ability to compensate for leak when
using SIB depends on the size of air reservoir, squeeze distance
and the skill of the operator. In this bench test, SIB was only
able to deliver adequate tidal volumes and pressures up to 68%
leak. Good resuscitation technique with low face mask leak is
imperative during newborn resuscitation requiring PPV.

The presented study has several limitations. Bench studies and
findings may not be directly applicable to clinical practice.
Combinations of dynamic and continuous mask leak may be
present during resuscitation. The pressure valves used for DLM
were limited to a maximum pressure level of 20 cmH2O and can
be variable if not adjusted correctly as per the manufacturer's
recommendation [25]. Inspiratory and expiratory time con-
stants can have an impact on leak and delivered pressures.
Development of complex and controlled leak models such as
electronically operated valves is required to further investigate
the impact of time constants and combination leaks on system
leakage.

The presence of leak and unsatisfactory airway management
can result in resuscitation failure. RFMs can assist clinicians in
identifying and quantifying leak during resuscitation at the
patient interface. In infants, the actual tidal volume at the lung
is not clinically measurable however new research techniques
such as EIT offer indirect assessments [26]. Clinicians should be

aware that a large leak can create errors in tidal volumes
measured at the patient interface and underestimate the actual
tidal volume entering the lungs. This is why in the presence of a
leak, tidal volume is best reported as expired tidal volume as
most leak occurs during inflation when the PIP is higher.
Further investigation is required to quantify the accuracy of
RFMs in the presence of variable leak.

A recent systematic review and ILCOR guideline identified that
there is no clear definition of what size of leak (percentage)
during resuscitation is considered clinically significant, with
various studies reporting different levels of significance [6]. A
defined level of clinically significant leak will be difficult to
determine as leaks are rarely constant. The interpretation and
compensation of leak during resuscitation is determined by
both the clinician's ability and device characteristics. We believe
that developing new strategies to accurately simulate leak is
important for improving resuscitation training, device per-
formance and clinical care.

5 | Conclusions

We have demonstrated that this new dynamic leak model
provides tidal volume and leak measurements at the RFM mask
interface that reflects changes seen in the delivered lung vol-
ume. This will be useful for improved validation of manual
resuscitation devices and possibly more complex mechanical
ventilators using volume targeting modes.
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