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Mask mechanics and leak dynamics
during noninvasive pressure support
ventilation: a bench study

Abstract Objective: To study the
mask mechanics and air leak dy-
namics during noninvasive pressure
support ventilation.

Setting: Laboratory of a university
hospital.

Design: A facial mask was connect-
ed to a mannequin head that was
part of a mechanical respiratory sys-
tem model. The mask fit pressure
(P,ask.iie) measured inside the mask’s
pneumatic cushion was adjusted to
25 ecmH, O using elastic straps. Pres-
sure support (PS) was set to ensure a
maximal tidal volume distal to the
mask (VT,) but avoiding failure
to cycle to exhalation.
Measurements: Airway pressure
(P,w)> Prnassit, mask occlusion pres-
sure (Pmask-occl = Pmask-fit_Paw)’ VT
proximal (VT,,,), distal to the mask
(VT gisar), air leak volume (Leak =
VT, 0 VTgisiar), and inspiratory air
leak flow rate (difference between
inspiratory flow proximal and distal
to the mask) were recorded.

Results: PS 15 cmH,O was the high-
est level that could be used without
failure to cycle to exhalation (VT
a1 O 585 = 4 ml, leak of 32 + 1 ml or
52+02% of VT,,,,, and a mini-
mum P . Of {7x01 cmH,0).
During PS 16 cmH,O the P, oca
dropped to 1.1 + 0.1 cmH,0, and at
this point all flow delivered by the
ventilator leaked around the mask,
preventing the inspiratory flow de-
livered by the ventilator from
reaching the expiratory trigger
threshold.

Conclusion: P,y s and P, oca €N
be easily measured in pneumatic
cushioned masks and the data ob-
tained may be useful to guide mask
fit and inspiratory pressure set dur-
ing noninvasive positive pressure
ventilation.

Keywords Noninvasive positive
pressure ventilation - Facial mask -
Mask mechanics - Air leak

Introduction

A mask, or an equivalent device providing connection
between patient and ventilator, and the associated air
leak around the mask are the principal differences be-
tween noninvasive positive pressure ventilation
(NPPV) and the standard invasive ventilatory approach.
However, little information is available on mask me-
chanics and air leak dynamics during NPPV [1, 2, 3].
The use of a thigh mask causes patient discomfort and
may lead to skin breakdown [4]. A massive air leak

from the mask reduces alveolar ventilation and may
lessen the efficacy of NPPV decreasing the breathing ef-
fort [5], and particularly during the use of pressure sup-
port ventilation (PS) air leak may interfere with pa-
tient-ventilator synchrony and ventilator operation [6].

We developed a mask fit respiratory system model
that allowed the study of mask mechanics and air leak
dynamics during simulation of noninvasive pressure
support ventilation.
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Fig.1 Illustration of the exper-
imental setup. The inspiratory
effort was simulated using a
two-chamber test lung model
(TTL1600, Michigan Instru-
ments, Grand Rapids, Mich.,
USA). The driving chamber
was powered by an ICU venti-
lator (driving ventilator) set as
follows: VT of 400 ml, sinusoi-
dal inspiratory flow pattern at a
peak flow of 1.5 1 per second,
and rate of 10 breaths/min. A
metal lifting bar connected the
driving and the lung chambers
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Methods

Mask fit respiratory system model

The respiratory system model included a mannequin fiberglass
head and a mechanical lung model (Fig. 1). A facial mask (Dryden
Clear Comfort, adult-medium size, Gibeck, Indianapolis, Ind.,
USA) with an inflatable low-pressure air cushion was used during
the experiment. The mask’s cushion was inflated with 50 ml air.
The pressure inside the cushion was less than 1 cmH,O when it
was inflated with this volume and disconnected from the model.
The mask was fitted to the mannequin’s face using an elastic head-
gear (Vital Sign, Totowa, N.J., USA). One pressure transducer
(x 100 cmH,O Validyne, Northridge, Calif., USA) was connected
to the cushion’s inflation valve to measure the pressure inside the
cushion, which represented the pressure that fitted the mask
against the mannequin’s face [P,,,q g (cmH,O)]. Prior to the appli-
cation of PS the elastic straps tension were adjusted to obtain a
P asisic Of 25 cmH, 0.

Inspiratory efforts were simulated using a two-chamber lung as
described by Op’t Holt and associates [7]. The lung chamber (LC)
compliance was set at 40 ml/cmH,O and airway resistance at
5 ecmH,O/1 per second. PS level (Evita IV, Dragerwerk, Germany)
was set to ventilate the LC (VTg,) with the greatest possible vol-
ume, but avoiding failure to cycle to exhalation. No positive end-
expiratory pressure (PEEP) was applied.

Data acquisition and measured parameters

One pneumotachometer (Hans-Rudolph, Kansas City, Mo., USA)
connected to a differential pressure transducer (+ 2 cmH,O, Vali-
dyne) and one differential pressure transducer (+ 100 cmH,O, Val-
idyne) were placed between the Y connector of the tested ventila-
tor and the mask to measure the proximal airway flow and pressure
(P, Fig. 1). An additional pneumotachometer was positioned be-
tween the mannequin’s upper airway and LC to measure the distal
airway flow. The analog signals from these differential pressure
transducers were amplified-digitized (PCI-Mio-16XE-50, National
Instruments, Austin, Tex., USA) and recorded at 200 Hz using a

data acquisition system (Lab-View Software, National Instru-
ments) for off-line analysis. Ten consecutive breaths were analyzed
and the results reported as mean + SD.

The following parameters were analyzed: time integration of
proximal and distal inspiratory flow (VT and VT, respec-
tively). The air leak flow rate around the mask was defined as the
difference between proximal and distal inspiratory flow, and the in-
spiratory leak volume was calculated by the difference between
VT,ox and VT (Leak = VT~V T ). The gradient between
P askiie and P, was electronically calculated and termed mask oc-
clusion pressure (Pmask-occl = Pmask-ﬁt_Paw)‘

prox

Results

In all recorded breaths the lung chamber was uncoupled
from the driving chamber at the end of inspiration show-
ing that VT4, was delivered by the tested ventilator
and not by the driving ventilator. PS 15 cmH,O was the
highest level that could be used without massive air
leak and allowing the proximal flow to decline to the ex-
piratory trigger threshold (25 % of the peak inspiratory
flow, i.e., about 0.30 1 per second in this set). Inspiration
ended by flow criteria in all analyzed breaths (Fig. 2). A
VT Of 585 4 ml was generated with a leak of
32+1mlor52+02% of the VT,,,,. The lowest P
oce TeCoOrded during PS 15 was 1.7 + 0.1 cmH, 0.
When PS 16 cmH,O was tested a greater VT,
(625 + 3 ml) was achieved, but with a massive air leak
around the mask (leak =1170 =31 ml or 65.2 +0.6%
of the VT,,). The lowest recorded P,y o Was
1.1 £ 0.1 cmH,0O and at this point the leak rate was
about 0.391 per second which prevented the proximal
inspiratory flow from reaching the expiratory trigger
threshold. Inspiration was ended by time norm since 4 s
had passed (Fig. 2). The P, g . VS- leak rate curve re-

mask-
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Fig.2 A From top to bottom proximal (thick line) and distal to the
mask flow tracings (thin line); mask fit pressure (P, 4) and air-
way pressure (P,,); mask occlusion pressure (P, ..c;) Obtained
during the use of PS 15 cmH,O. The air leak around the mask is il-
lustrated by the difference between proximal and distal inspiratory
flows. Note the mirror relationship between the P, and P, s
tracings during the inspiratory and expiratory phases. The mask
was pushed toward the face when P,, decreased below baseline
during the triggering phase, which caused a brief elevation in the
P asisic and P ocq- The progressive rise in P,,, during the inspira-
tory phase lifted the mask off the model’s face resulting in a drop
of P ..si- BOth the rise in the Paw and the drop in the P, s con-
tributed to the steep decline observed in the P,y .- B Wave-
forms recorded during PS 16 cmH,O. It is possible to see that all
flow delivered by the ventilator was leaked around the mask
when the gradient between P and P,,, approached zero (see
also Fig. 3)

mask-fit

corded during PS 16 showed that the leak rate was near-
ly constant and about 0.05 I per second for P, ¢ o high-
er than 2 cmH,0, and when the P, .. fell bellow
2 cmH,0, an abrupt increase in the leak rate was ob-
served (Fig. 3).
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Discussion

The most important findings of this study can be sum-
marized as follows: (a) mask mechanics, particularly
P s and Po.q ..o can be easily measured in cush-
ioned masks, and (b) the dynamics of the air leak
around the mask are complex, but an abrupt increase
in air leak rate occurs when the gradient between P,
s and airway pressure (i.e., P, occ) @pproaches zero.
Other authors, using different models, have studied
ventilators and modes during simulated NPPV; howev-
er, in these models leak occurred through fixed diameter
holes placed in the model’s circuits, thus the leak rate
was defined only by airway pressure and hole resistance
[3, 8,9, 10]. We used a facial mask with a valve that per-
mitted inflation of the mask’s low-pressure pneumatic
cushion with a known air volume and also allowed re-
cording of pressure variations inside the cushion. The
cushion was inflated with 50 ml, a volume necessary to
adequately inflate the cushion, but still maintaining the
pressure in the cushion lower than 1 cmH,O before at-
taching the mask to the mannequin’s face. This precau-
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Fig.3 Mask occlusion pressure
(Pmask-ocel) VS- air leak rate
around the mask recorded in a
breathing cycle during PS

16 cmH,0. Leak rate was near-
ly constant and about 0.05 1 per
second for P, .. higher than
2 cmH,0, and an abrupt incre-
ment in the leak rate was ob-
served when the P,y o fell
bellow 2 cmH,0. Negative leak
rate values (i.e., distal inspira-
tory flow higher than proxi-
mal), at very low magnitude,
were recorded during the trig-
gering phase suggesting that
small amounts of air entered,
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tion was necessary to guarantee that recorded P, q i
represented the pressure that fits the mask against the
face and not the pressure necessary to inflate the mask’s
cushion. P, s was preset at 25 cmH,O to insure that it
was lower than the skin capillary perfusion pressure
[11]. Skin damage at the site of mask contact is the
most common complication of NPPV, and skin necrosis
is normally due to excessive mask fit pressure impairing
adequate tissue perfusion [4]. However, no study has
systematically described methods of monitoring mask
fit pressure. We believe that P, ¢, is a simple and use-
ful method of guiding mask attachment during NPPV.

The mirror comportment of P,,, and P, g, as illus-
trated in Fig. 2, is fundamental to determining the air
leak dynamics, because both the rise in P,, pressure
and the drop in P, contributed to a decrease in
P,.cc0ca @nd facilitated air leak around the mask during
inspiration. In the present study only one headgear was
tested, but we speculate that for the same proximal air-
way pressure a small mask displacement, and conse-
quently lower decline in P, s and P, oc, are €x-
pected with a headgear consisting of straps with lower
elasticity.

In an ideal mask sealing situation, air leak around the
mask may not occur if the gradient between P, s and
proximal airway pressure is positive (i.e., P, o > 0)-
Figure 3 illustrated that a small amount of leak existed
even with high levels of P ,q.occo Showing that mask
sealing was not perfect. The presence of small channels,
created by folds in the cushion’s membrane and irregu-
larities of the mannequin’s face, allowing air passages

to form at the face-mask interface may explain this ob-
served leak pattern. The air leak rate was small and
nearly constant for P,y higher than 2 cmH,0O, how-
ever, when P, .. declined below this value, an abrupt
increase in the leak rate was noted. It was visually ob-
served that the mask displacement during inspiration
was not symmetric, suggesting that P, ... represents
the mean of several different mask fit values around
the face-mask interface. Probably in some areas the
mask was entirely unattached from the face, allowing
massive air leak even though the recorded P, ocq Was
positive.

Although pressure support is a spontaneous mode of
assisted mechanical ventilation, failure to cycle to exha-
lation may occur if air leak prevents the inspiratory flow
from declining to the preset exhalation trigger [6]. In
our study PS 15 cmH,0, lead to a minimum P, .. of
1.7 + 0.1 cmH,0O. It was the greatest PS level that al-
lowed normal cycling to exhalation. The effective VT
(VT i) assured by PS 15 cmH,O was 586 ml (equiva-
lent to 7.8 ml/kg for a 75 kg adult), which we consider
satisfactory for most noninvasively ventilated patients.
The effects of the use of PEEP on mask mechanics and
leak dynamics were not addressed in this experiment,
but we have no doubt that the use of PEEP would rise
mean and peak inspiratory airway pressures, decreasing
Pacesic and Pagoca and increasing air leak rate. That is
why we are convinced that the P, , should be reset af-
ter each change in the PEEP or PS levels.

We believe that these results, although obtained in a
mechanical model, illustrate the possibility of monitor-
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ing P g and P, .- However, clinical studies are
necessary to confirm the real benefits of monitoring
these parameters during NPPV.
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