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Summary

Bench studies have become the preferred way to evaluate the performance of airway equipment, since clinical trials
are not specifically required before marketing these devices. However, it is difficult to assess the efficiency of ventila-
tion without recording physiological data. This review analyses how efficiency of manual ventilation has been defined
in recent studies, and how their results may be affected. We searched electronic databases from 2000 to April 2014.
The main inclusion criterion was the analysis of performance of ventilation. Nine relevant articles were selected from
53 eligible publications. Most studies used the same parameters; tidal volume and ventilation rate. However, there
were significant differences between the definitions of performance of ventilation, both in terms of criteria of judge-
ment and methods of analysis. None of these approaches is able to provide a clear understanding of variability of
ventilation during a given period. A new definition may increase the relevance of bench studies to clinical medicine,
by more appropriately assessing the performance of ventilation.
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Introduction

Manual ventilation has been the object of several
recent publications, as it is a crucial clinical skill for
assisting patients in respiratory failure and/or cardio-
pulmonary arrest. Indeed, it remains the preferred and
easiest method of ventilation in pre-hospital situations.
It is an important challenge for healthcare profession-
als, and many studies have highlighted the difficulty in
performing it efficiently [1-5]. Inadequate ventilation
may lead to adverse clinical outcomes, including baro-
trauma, gastric insufflation, pulmonary aspiration and
tissue hypoxia [5-7].

Several devices have recently been developed with
the aim of reducing these adverse effects, and this has led
to a proliferation of studies evaluating airway equipment.
However, as clinical trials are not specifically required to
introduce this kind of device to the market, most studies
have been carried out on patient simulators [8]. In these
cases, physiological variables such as arterial blood gases
are not available to evaluate the efficiency of ventilation.
How do researchers manage to evaluate the performance
of their device properly under such conditions?

The International Liaison Committee on Resuscita-
tion (ILCOR) has established specific recommendations
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for manual ventilation [9—-13]. Most studies have based
their performance analysis in accordance with these
guidelines. However, although ILCOR defines adequate
tidal volumes and ventilation rates for safe practice, it
does not mention how to analyse the performance of a
full ventilation period reliably under bench conditions.
As no real consensus has been reached [14], many
studies evaluate the performance of manual ventilation
devices using their own judgment parameters and
methods of analysis.

This review focuses on the functional assessment
of manual ventilation devices. It aims to show how
ventilation performance has been defined and analysed
in recent studies, and how this may affect the rele-
vance of their results.

Methods

We searched electronic databases including Medline,
Google, Clinical Trials and Cochrane from 2000 to
April 2014. The key words were ‘bag valve mask’,
‘manual ventilation’ and ‘ventilation performance’,
used individually and in combination. Our inclusion
criteria were the analysis of performance of adult ven-
tilation for the functional evaluation of manual ventila-
tion devices. Articles were excluded if they were
written in a language other than English or French, or
if they were dealing with paediatric practice. We
excluded articles that had inadequate information
about judgment criteria and analysis methods for the
assessment of performance of the devices studied.

We also reviewed international guidelines for
cardiopulmonary resuscitation (CPR) and emergency
cardiovascular care (ECC) to see how efficiency of
manual ventilation was defined in them. We included
the European Resuscitation Council (ERC) and the
American Heart Association (AHA) guidelines pub-
lished in Resuscitation and Circulation from 2000 to
April 2014,

Furthermore, we carried out ventilation tests on a
Laerdal® Airway Management Trainer manikin (Laer-
dal Medical, Stavanger, Norway) linked to an
ASL5000® lung simulator (IngMar Medical, Ltd, Pitts-
burgh, PA, USA) to assess ventilation practices.
Healthcare professionals were asked to ventilate the
lungs of a simulated apnoeic patient without respira-
tory disease using a standard bag-valve-mask device

(Ambu® Spur® II, Ambu A/S, Ballerup, Denmark).
Ventilation curves obtained in this way were used to
discuss our review findings.

Results

The main literature search resulted in 284 references,
but only 83 abstracts were obviously referring to the
performance of manual ventilation. Fifty-three articles
fulfilled our main inclusion criteria, but most of them
did not adequately describe their method of evaluation
of performance of ventilation. Finally, only nine arti-
cles were selected (Fig. 1). Of these, six were manikin-
based studies and three were clinical trials [15-23].
The ventilatory variables that were recorded in bench
studies were tidal volume (Vry), ventilation rate (Vy),
peak airway pressure (Ppeu), peak inspiratory flow
(PF), minute volume (V,,), gastric inflation volume
(Vgastric)> inspiratory time fraction (Ti/Ty), inspiratory
time (I time) and inspiratory/expiratory ratio (I/E).
Clinical trials also recorded arterial oxygen saturation,
mean arterial blood pressure, heart rate and end-tidal
carbon dioxide. The main characteristics of these stu-
dies are presented in Table 1.

Despite the heterogeneity of the recorded variables,
most studies used the same judgement parameters to
define the efficiency of ventilation, namely V1 and Vg.
However, there were significant differences between
studies regarding the tolerance ranges used to define
whether V1 and Vi were considered adequate or not.
While some studies defined adequate Vr from
6 mlkg ' to 7 mLkg " [18, 19, 21, 22], other studies
used a basic range of 400-600 ml [16, 23], regardless
of the patient’s weight. von Goedecke et al. defined an
adequate V- as approximately 350 ml [17], and Berg-
rath et al. considered a Vi lower than 200 ml to be
clinically insufficient [21]. The range of what was
considered an adequate ventilation rate varied from
8-10 bpm [19, 20] to 12-15 bpm [20].

Moreover, three different analysis methods were
used for the evaluation of performance of ventilation:
an overall mean analysis of every ventilatory variable;
a mean analysis of every ventilatory parameter
for each single ventilation test; and a breath-by-breath
analysis method. To aid the discussion of this
literature review, we have reported the data of two
ventilation tests from a previous study (Figs. 2 and 3),
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284 references found

201 excluded: titles did not refer to the
evaluation of performance of ventilation

83 abstracts identified

30 abstracts excluded: 24 did not focus on performance of ventilation
6 were written in languages other than English or French

53 eligible articles

44 articles excluded:

5 paediatric studies

36 with no relevant performance analysis
3 without full information available

9 relevant articles included

Figure 1 Flow chart of article identification and selection.

in which several healthcare professionals manually
ventilated a manikin connected to a test lung (ASL-
5000 breathing simulator) simulating an adult patient
in respiratory arrest.

Finally, we also identified different guidelines from
ERC and AHA published in 2000, 2005 and 2010
(Table 2). These show that recommendations concern-
ing adequate ventilatory variables have not evolved sig-
nificantly over that period. An adequate Vi is
regarded as 6-7 mlkg~', and the Vg about 8-12
breaths.min~' (bpm). International recommendations
concerning chest compressions and compression/
ventilation ratio are not presented here, as this review
does not focus on heart-lung interactions.

Discussion

Since 2000, AHA and ERC have reached a consensus
on what tidal volume and ventilation rate should be
delivered to the patient. These are 6-7 mlkg ' and
8-12 bpm, respectively, and may explain why Vy and
Vg were the main variables used to define ventilation
efficiency in the studies reviewed, even though many
others were recorded. However, it seems difficult to
define strict tolerance ranges for adequate ventilation,

as these would depend on the patient’s physiopatho-
logy. Clinical trials have the significant advantage of
being able to correlate V1 and Vi with physiological
data such as arterial oxygen saturation and end-tidal
carbon dioxide. Noordergraaf et al. [16] defined
normocapnia as their primary endpoint before evaluat-
ing Vp and Vg, and von Goedecke et al. [17] focused
their study on maintaining adequate arterial oxygena-
tion with the lowest V1 possible. In this way, they were
better able to define criteria for adequate V1 and V.
While this may help to explain why many studies
do not use the same tolerance ranges for the definition
of efficient ventilation, it does not tell us why bench
studies do not analyse performance of ventilation using
the same criteria that are clearly defined in the guide-
lines. It is important to note that international guide-
lines are mainly based on clinical trials in patients
receiving mechanical ventilation. They have shown an
increase in survival and a decrease in adverse
outcomes when Vi was set to 6-7 ml.kgf1 (28, 29].
However, mechanical ventilators may not accurately
deliver these pre-set tidal volumes to the patient’s lungs.
A recent study by Lyazidi et al. demonstrated that
even modern ventilators equipped with compliance
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Figure 2 Two-minute manual ventilation window performed by a healthcare professional on an apnoeic patient
model. Lung compliance and resistance were set to 70 ml.emH,O and 5 cmH,O.1" s, respectively. The sudden
appearance of leaks after one minute of ventilation is demonstrated.
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Figure 3 One-minute manual ventilation window per-
formed by a healthcare professional on an apnoeic
patient model. Lung compliance and resistance were
set to 70 ml.emH,0 and 5 cmH,0.1 s, respectively.
Alternating efficient and insufficient (circled) tidal vol-
umes are shown.

compensation algorithms were unable to deliver the
intended Vr accurately. A set V1 of 6 mlkg ™" actually
with
4 ml.kg7l to 8 ml.kgfl, with clinically meaningful dif-

provided patients volumes ranging from
ferences ranging from 1 mlkg ' to 2 mlkg™' [30].
These differences were due to compliance changes in

the ventilation circuit and patient airways, and to the

progressive increase in air temperature and hygrometry
during the inspiration phase. The application of an
inspiratory pause also has an important role, as it may
affect the calculation of compensation algorithms. This
study concluded that clinical trials investigating the
effect of V1 values on patient outcomes may have been
biased by these inaccuracies. According to these obser-
vations, Vr ranging from 4 ml.kg71 to 8 ml.kg71 may
be acceptable, as long as they are precisely measured
into the patient’s lung. In most bench studies, Vr is
measured directly into the artificial lung, and thus
expanding the tolerance ranges of ventilatory variables
may be justified. This may have led to differing defini-
tions of efficient ventilation in the studies reviewed.
This lack of consensus concerning the definition
of successful ventilation has also been described by
Boyle and Flavell [14]. Furthermore, V1 and Vi were
always analysed separately, other than in one study
[20] where they were combined and evaluated simul-
taneously to see if both parameters were within their
tolerance range. This last strategy seems to be the most

Table 2 Evolution of international recommendations over the last decade regarding adequate ventilatory parameters
when using a manual resuscitator device for an adult patient.

International Years of
recommendations publication
AHA [24] 2000

ERC [25] 2000

AHA [26] 2005

ERC [27] 2005

AHA [10, 12] 2010

ERC [9, 11, 13] 2010

Recommended tidal Recommended ventilation
volumes; ml.kg~" rates; bpm

6-7 ~10

6-7 ~12

6-7 8-10

6-7 ~10

6-7 8-10

6-7 8-10

AHA, American Heart Association; ERC, European Resuscitation Council.
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appropriate to comply with international guidelines
that recommend controlling both V1 and Vy, and not
only one of them.

Besides these various definitions of efficiency of
ventilation, three different methods of analysis were
also used to evaluate the performance of ventilation
over a whole ventilation period. The most commonly
used was the overall mean value analysis. In this
approach, the average value of each ventilatory variable
for all participants is analysed by combining all tests
together, whatever the sample size. Data resulting from
this approach can’t be properly interpreted, as the
averaged results do not take into account inter- and
intra-individual variability in ventilatory variables.
Indeed, ventilation performance may fluctuate signifi-
cantly from one rescuer to another, and from one ven-
tilation cycle to another, according to the technique
they used to squeeze the bag and maintain the mask
on the patient’s face [31]. Inter-individual variability is
likely to have the greatest impact on results of perfor-
mance analysis. For instance, in a situation where half
of the rescuers would provide insufficient Vi
(~200 ml) and the other half excessive ones
(~800 ml), the ventilation performance would be
mistakenly considered efficient according to this analy-
sis method, as the mean Vp value would be about
500 ml. Conversely, Bergrath et al. [21] showed that
medical students ventilated a manikin with a mean
(SD) V1 of 408 (164) ml. Using this analysis method,
the global ventilation performance would have been
considered inefficient according to the tolerance range
defined by the authors (510-595 ml), while they actu-
ally recorded optimal V- on 22% of occasions.

The second analysis method evaluates the average
of every variable for each single test. Compared with
the first method, it has the advantage to consider the
variability among persons, but not the intra-individual
variability; this latter could still result in incorrect
interpretations of ventilation performance. The signifi-
cance of this inter-individual variability is such that
the guidelines recommend a rotation of rescuers
every two minutes in order to prevent fatigue and
deterioration in the quality of their care [12]. For
instance, as shown in Fig. 2, when the patient first
receives excessive Vrp followed by insufficient Vr,
ventilation is clearly deleterious, despite the fact that

the mean Vi would be within the acceptable range.
This kind of ventilation could be explained by a sud-
den change in the position of the facemask, inducing a
major leak. On the other hand, the presence of a few
insufficient cycles, as shown in Fig. 3, does not drasti-
cally impair the efficiency of ventilation, as the patient
receives at least nine efficient insufflations in the one-
minute period. Despite that, the average V1 would be
less than 300 ml, and ventilation would be considered
to be inadequate, if analysed by this method.

The third method identified in this review is a
breath-by-breath analysis approach. In this technique,
every single ventilation cycle is independently analysed,
and the percentage of adequate and inadequate cycle
for each test is then given. Although this method is
more accurate as it takes into account intra- and
inter-individual variability, it still does not correlate
ventilatory variations with time. Indeed, time-related
variability is necessary to assess the performance of
ventilation over a whole time period. The importance
of a chronological analysis can be easily understood
when comparing Figs. 2 and 3. In both cases, a high
percentage of insufficient V has been recorded, but
these two ventilation tests are fundamentally different,
and would not have the same impact on efficiency of
ventilation. As explained previously, the first test fea-
tures an entire minute of insufficient ventilation cycles
that could potentially lead to hypoxia, whereas the effi-
ciency of the second test is not really impacted by the
presence of insufficient cycles because of their disper-
sion over time.

Our review has some limitations. First, it is diffi-
cult to make basic comparisons between studies
because of the heterogeneity in design and outcome
measures. They all had different objectives, carried out
different experimental protocols and evaluated differ-
ent ventilation devices. Second, the low number of
relevant articles limits the scope of this review. We
also excluded articles written in languages other than
English or French.

In conclusion, this review has shown significant
heterogeneity in the variables used for the evaluation
of successful ventilation. Defining accepted judgment
criteria and an adequate method of analysis is crucial
for the interpretation of these studies, and for reaching
unbiased conclusions. This is even more important for
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bench studies, where ventilatory data cannot be corre-
lated with physiological measurements or patient out-
comes. It would be interesting to apply these different
definitions to a database to evaluate their impact on
performance of ventilation. However, none of these
various approaches are able to provide a clear under-
standing of efficiency of ventilation over a full time
period. This review highlights the need to define a new
standardised method, which would give a chronologi-
cal view of variability in ventilation, to assess perfor-
mance of manual ventilation accurately. This will
allow an easier comparison of results between studies,
and could also help to improve the relevance of bench
studies by giving more appropriate assessments of the
performance of ventilation devices.
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