Effect of Different Interfaces on Fip, and CO, Rebreathing During
Noninvasive Ventilation
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BACKGROUND: Improving Fjo, and reducing CO, rebreathing (VICOZ) are the key means to
improve the therapeutic efficacy of noninvasive ventilation (NIV). This study aimed to investi-
gate the impact of interface design on Fjo, and Vlcoz during NIV. METHODS: A simulated
lung model was established to analyze 17 different interfaces. CO, was injected into the outlet of
the simulated lung, and the noninvasive ventilator was connected to the simulated lung to simu-
late the application of NIV in patients with COPD with hypercapnia. F;o, and VICOZ were calcu-
lated by mathematical integration of synchronously collected data pertaining to real-time
pressure, flow, oxygen concentration, and CO, concentration in the breathing circuit.
Comparisons were performed between different types (nasal vs oronasal) and models of interfa-
ces as well as between interfaces with different leak positions. Correlation of F;o, and Vlcoz with
inner volume and leakage, respectively, and the correlation between Fjo, and VICOZ were
analyzed. RESULTS: Fyo, levels were significantly different with a nasal or an oronasal mask
0.45 £ 0.05% vs 0.41 = 0.08%, respectively; P < .001). Fio, levels associated with different
models of interfaces varied significantly (all P < .001); VICOZ did not differ significantly among
the different interfaces (P = .19). Leak position significantly affected Fyo, and VICOZ (all P <
.001). Both inner volume and leakage significantly correlated with Fo, (r = —0.23, P < .001;
r = —0.08, P = .02). There was a significant correlation between F;o, and VICOZ r=043, P <
.01); the general linear equation was y = 0.17 + 0.02x (r = 0.43, R* = 0.19). CONCLUSIONS:
The design of the interface had a significant impact on Fio, and VICOZ during NIV. Fo, and
VICOZ showed a significant positive correlation, although the effect size of correlation was
moderate. Key words: interface; oronasal mask; nasal mask, fraction of inspiratory O,; CO; rebreath-

ing. [Respir Care 2021;66(1):25-32. © 2021 Daedalus Enterprises]

Introduction

Noninvasive ventilation (NIV) is a type of mechanical
ventilation that entails the use of noninvasive interfaces
such as a nasal mask or an oronasal mask to connect the
patient to the ventilator.' NIV is widely used to treat
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respiratory failure of diverse etiology. Appropriate use of
NIV has been shown to reduce the need for endotracheal
intubation, shorten the length of hospital stay, and decrease
the mortality rate.>* Most noninvasive ventilators employ a
single-limb breathing circuit; these require selective use of
a passive exhalation port, which may cause CO, rebreath-
ing. Most home care noninvasive ventilators are not
equipped with an air-oxygen blender to enable precise cali-
bration of Fjp, and require extra oxygen injection; conse-
quently, the actual Fyo, is often unknown.” Improvement in
Fio, and reduction in the volume of CO, rebreathing
(VICOZ) is key to improve the therapeutic efficacy of NIV.
However, several factors have been shown to affect Fio,
and V 1co,» such as the type of exhalation port, the position of
the exhalation port in the breathing circuit, and leakage.®'®
Currently, most manufacturers use a mask design in which
the exhalation port is integrated into the mask instead of
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the breathing circuit; in addition, various types and styles
of interfaces have been designed to improve patient com-
fort. These different interfaces have distinct features with
respect to appearance, position of exhalation port on the
mask, leakage, and inner volume.!' However, the impact
of these features on Fjo, level and VICOZ during NIV is not
well characterized. Therefore, we designed a bench study
to investigate the influence of the design of different inter-
faces on Fyo, and V[coz during NIV.

Methods
Simulated Lung Model

The ASL 5000 respiratory simulation system (IngMar,
Pittsburgh, Pennsylvania) is a breathing simulator that
incorporates a digitally controlled piston inside a cylinder.
The system allows investigators to preset the compliance,
resistance, and inspiratory force, which facilitates the sim-
ulation of respiration in patients with various illnesses.
We used the following parameters to simulate the respira-
tory mechanics of a patient with COPD, as described in
previous studies:'*'? compliance, 60 mL/cm H,O; inspira-
tory resistance, 10 cm H,O/L/s; expiratory resistance, 15
cm H,O/L/s; maximum drop in inspiratory pressure, —8
cm H,O. To simulate the negative pressure created by re-
spiratory muscles, 5% of the respiratory cycle time
involved active inspiration, 3% involved end-inspiratory
hold, and 15% was for the return of pressure to baseline.
The frequency was set at 20 breaths/min.

NIV Simulation in a Patient With COPD With
Hypercapnia

The simulated lung was connected to the back of a man-
nequin head through the breathing circuit to simulate
spontaneous respiration (Figure 1). A noninvasive ventila-
tor (Flexo, Curative Medical, Santa Clara, California) was
connected to the front of the mannequin head through the
ventilator-mannequin interface, and a single-limb breath-
ing circuit was used to simulate NIV. To avoid unintended
leaks, the inside of the mannequin head was sealed with
glass glue, and the junction between the interface and the
mannequin head was temporarily sealed with plasticine.
The ventilator was set on the spontaneous breathing mode (S
mode) with the pressure rising gradient set at 1 (implies that
pressure was boosted at the fastest speed), inspiration sensi-
tivity set at 1 (implies the highest inspiratory sensitivity), and
expiration sensitivity set at 1 (implies the highest expiratory
sensitivity). The inspiratory and expiratory pressures were
set at 16 cm H,O and 4 cm H,0, respectively. Backup venti-
lation was disabled. To simulate oxygen supply during NIV,
oxygen was injected into the breathing circuit at the rate of 5
L/min through the port on the interface or the site closest to
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Current knowledge

Noninvasive ventilation (NIV) is a common treatment
for respiratory failure. Improving Fjo, and reducing the
volume of CO, rebreathing (VICOZ) are the key means
to improve the therapeutic efficacy of NIV. Different
interfaces with distinct designs are used for NIV; how-
ever, the impact of these features on Fip, and Vlcoz is
not clear.

What this paper contributes to our knowledge

The designs of different interfaces with respect to
shape, leak position, and inner volume had a significant
impact on Fjp, and VICO;- The design of the interface
may affect the therapeutic efficacy of NIV.

the interface. CO, was titrated into the outlet of the simulated
lung using a micro-air flow controller (YJ-700CF,
KongXing, Guilin, China) to simulate a patient with hyper-
capnia. The end-tidal CO, was monitored using a vital sign
monitor (NTID, Newtech Medical, Guangzhou, China) con-
nected to the rear of the mannequin head (site B). The
amount of injected CO, gas was titrated to maintain an end-
expiratory CO, partial pressure of 80 mm Hg.

Measured Variables

For the evaluation of mask inner volume, all inlets
connected to the ventilator and the exhalation port on
the interface were sealed with tape. The sealed interfaces
were filled with water, and the water subsequently trans-
ferred into a measuring cylinder (MasterScreen, Hochberg,
Germany) to measure the volume. The reading of the cylin-
der was recorded by the same researcher for each mask
tested. The average value from 3 independent measure-
ments was used in the analysis.

With the noninvasive ventilator connected to the manne-
quin set in CPAP mode at 3 different pressure levels (ie, 4,
12, and 20 cm H,0) and the breathing circuit totally blocked
at site B, a gas analyzer (VT-Plus, Fluke, Solon, Ohio) was
connected to site A of the breathing circuit to measure the
leakage with different interfaces at different pressure settings.

The measurement method was based on the principles of
calculus and was similar to the post-processing of volumet-
ric capnography and oxygen concentration measurements
described previously."* With an integrated flow and pres-
sure sensor, CO, sensor, and oxygen sensor, the custom-
made gas analyzer used in our previous study'* located at
site B of breathing circuit can synchronously collect real-
time data on pressure, flow, oxygen concentration, and CO,
concentration in the breathing circuit at a sampling
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Fig. 1. Schematic illustration of the experimental setup.

frequency of 30 Hz. The inspiratory phase was identified
based on the flow waveform. At each sampling point of the
inspiratory phase, the tidal volume was calculated based on
the real-time gas flow, and the delivered volume of oxygen
and CO, was calculated by multiplying the tidal volume
with the real-time oxygen concentration and CO, concen-
tration, respectively. The total delivered volume of oxygen
and CO, and the tidal volume were determined by mathe-
matical integration of data at each sampling point. The
equations for these calculations are shown in Figure 2. The
delivered oxygen volume was divided by the tidal volume
to determine Fjo,. When the measured parameters were sta-
ble for 3 min, 10 cycles of Fip, and VICOZ were calculated
under various experimental conditions.

Statistical Analysis

The distribution of all variables was assessed for normal-
ity using the 1-sample Kolmogorov-Smirnov test; the
results were consistent with normal distribution (P < .05
for all). Data are presented as mean * SD. One-way analy-
sis of variance was applied to compare the effects of inter-
face type (nasal mask vs oronasal mask), position of
exhalation port, and different models of interface on Fjo,
and VICOZ- Comparison between 2 pairs was performed
using the least-significant difference test. Bivariate correla-
tion analysis was used to assess the correlation of inner vol-
ume and leakage with Fjo, and VICOZ, respectively, as well
as the correlation between Fio, and VICOZ. Statistical analy-
sis was performed using the statistical software SPSS 22.0
(IBM, Armonk, New York). Two-tailed P values < .05
indicated statistical significance.
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Fig. 2. Waveforms produced by _the lung simulator to determine Fio,
and inspiratory volume of CO, (Vco,). ts = the time point of inspira-
tory start; te = the time point of inspiratory end.

Results

General Interface Characteristics

Nine models of oronasal mask and 8 models of nasal
mask from 6 different manufacturers were tested in our
study. The interfaces differed from one another in terms of
inner volume, leakage, and position of the exhalation port
(see Table 1). These interfaces can be categorized into 3
types according to the position of the exhalation port: in 4
interfaces, the leak port was located over the nasal bridge;
in 9 interfaces, the leak port was located on the elbow of
the interface; and in 4 interfaces, the leak port was located
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distal to the elbow on the interface (Fig. 1). Interfaces with
3 different positions of the leak port showed significantly
different leakage (34.90 £ 10.90 L/min, 35.10 = 11.19
L/min, and 30.95 £ 10.96 L/min, respectively; P < .001).
Oronasal masks had significantly larger inner volume com-
pared to nasal masks (218.76 = 54.33 mL vs 108.18 =
22.96 mL, P < .001). There was no significant difference
between interfaces with different positions of the exhalation
port for either the oronasal or the nasal masks (P = .59).

The leakage of different interfaces showed a linear corre-
lation with CPAP (r = 0.94, P < .001). The relation
between CPAP (independent variable) and leakage (de-
pendent variable) can be described by the linear equation
y = 11.92 + 1.84x (R* = 0.89). The leakage associated with
different interfaces was significantly different at all CPAP
levels (P < .001 for all). Oronasal masks showed signifi-
cantly higher leakage compared to nasal masks (36.74 =
11.46 mL vs 31.59 = 10.18 mL; P < .001). There was a
significant correlation between the leakage and the inner
volume (r = 0.21, P < .001)

Factors Associated With Fio, and VICOZ

Significant differences in Fjp, levels were observed
between different models of interfaces. Among the oronasal
interfaces, the No. 6 interface was associated with the low-
est Fio, (0.28 = 0%), whereas the No. 7 interface was asso-
ciated with the highest Fo, (0.54 = 0%). Among the nasal
interfaces, the No. 16 interface was associated with the low-
est Fio, (0.39 = 0%), whereas the No. 12 interface was
associated with the highest Fio, (0.54 = 0%) (Table 1, Fig.
3). The mean Fjo, achieved with nasal masks was signifi-
cantly higher than that achieved with oronasal masks
(0.45 £ 0.05% vs 0.41 £ 0.08%, respectively; P < .001).
Interfaces with the exhalation port located over the nasal
bridge, on the elbow, and distal to the elbow were associ-
ated with significantly different Fio, levels (0.35 = 0.07%,
0.46 = 0.06%, and 0.39 = 0.07%, respectively; P values
for pair-wise comparison < .001).

Likewise, different models of interfaces showed signifi-
cant differences with respect to VICOZ- Among the oronasal
interfaces, the No. 1 interface was associated with the low-
est VICOZ (11.49 = 0.33 mL), whereas the No. 7 interface
was associated with the highest VICOZ (1591 £ 0.29 mL).
Among the nasal interfaces, the No. 10 interface was asso-
ciated with the lowest VICOZ (11.01 = 0.29 mL), whereas
the No. 12 interface was associated with the highest VICOZ
(16.78 = 0.46 mL) (Table 1, Fig. 3). Interfaces with the ex-
halation port located over the nasal bridge, on the elbow,
and distal to the elbow were associated with significantly
different VICOZ levels (12.15 = 0.87 mL, 13.39 = 1.68 mL,
and 14.38 = 1.71 mL, respectively; P values for pair-wise
comparison < .001). However, there was no significant dif-
ference between the oronasal masks and the nasal masks

28

with respect to Vico, (13.23 = 1.49 mL and 13.31 = 1.91
mL, respectively; P = .19).

Both inner volume and leakage exhibited a significant
negative correlation with Fjo, (r = —0.23, P < .001; r =
—0.08, P = .02) but not with VICOZ (r=-0.08, P = .29;
r =-0.05, P = .50). Fyo, also showed a significant positive
correlation with VICOZ; the inter-relationship can be
described by the linear equation y = 0.17 + 0.02x (r = 0.43,
A% = 0.19), with VICOZ as the independent variable x and
Fio, as the dependent variable y (Fig. 4).

Discussion

In this study, we investigated the influence of 17 different
interfaces on Fjo, and VICOZ through in vitro simulation of
NIV treatment in COPD patients with hypercapnia. Different
models of interfaces were associated with significantly differ-
ent Fip, and V1c02 during NIV; the difference in the position
of exhalation port was found to affect both Fip, and Vlcoz,
while differences with respect to the inner volume and leakage
affected Fp, but not VICOZ. Further analysis revealed a signif-
icant positive correlation between Fip, and Vlcoz, although
the effect size of the correlation was moderate.

Selection of the appropriate interface for a particular
patient is the key to improve the therapeutic efficacy of
NIV. Development of interfaces is largely focused on
enhancement of comfort, prevention of leak, and custom-
ization of the wearing method through improvement in tex-
ture and geometric design'’; however, the relationship
between interface design and ventilator parameters (such as
Fio, and VICOZ) is not well characterized. The primary aim
of NIV is to rest respiratory muscles, reduce CO, retention,
and improve oxygenation in patients with respiratory fail-
ure; therefore, Fip, and V1c02 are important parameters that
should be considered during interface design.

Most noninvasive ventilators employ single-limb breath-
ing circuits with a passive exhalation port. A proportion of
the CO,-enriched exhaled gas is likely to remain within
the breathing circuit and to be inhaled in the subsequent
respiratory cycle, resulting in CO, rebreathing.®'® The
discharge of CO, during NIV largely relies on enhance-
ment of alveolar ventilation and reduction of VICOZ, which
may be affected by patient-associated factors (eg, basic
CO, level, spontaneous respiratory pattern), ventilator-
associated parameters (eg, ventilation mode, inspiratory
pressure, expiratory pressure, and trigger sensitivity), and
interface-associated factors.°

In this study, we measured the leakage in a blocked
breathing circuit at different CPAP levels and identified a
significant linear correlation between these parameters.
The measurement methods have been used for measuring
the leakage of exhalation port in previous studies,''”'8
although these methods may not capture the actual leakage.
Indeed, the volume of leakage cannot be accurately
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measured because it changes synchronously with the peri-
odic pressure fluctuations inside the breathing circuit during
the respiratory cycle. We speculate that the current measure-
ment method would not affect the conclusion regarding the
linear correlation between leakage and pressure. However,
this speculation needs be confirmed in a future study.
Theoretically, an interface with less dead space and greater
expiratory leakage would better facilitate the elimination of
CO,. However, small inner space may reduce the contact area,
which makes it harder to stabilize the interface and increases
patient discomfort. Likewise, an interface with large leakage
may interfere with the ventilator trigger, resulting in patient-
ventilator asynchrony, Fjo, reduction, and compromised

30

therapeutic efficacy.'*" All in all, inner volume and leakage
need to be carefully calibrated to achieve a balance between
these pros and cons and to maximize efficacy.

As shown in our study, oronasal masks have signifi-
cantly larger inner volume and leakage compared to nasal
masks; however, this did not translate into a significant
difference in terms of VICOZ- The similar VICO2 levels
achieved with oronasal masks and nasal masks may be at-
tributable to the contradictory effect of inner volume and
leakage. There was a significant correlation between the
leakage and inner volume. While oronasal masks showed
large inner volume and leakage at the same time, the
increase in VIC02 caused by large inner volume seems to
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have been counteracted by the large leakage. Moreover,
other interface-associated factors, such as geometric
design and position of the exhalation port, may also act as
confounding factors and influence VICOZ- As a limitation
of the study design and methods, we failed to compare
VIC02 for interfaces with different inner volume or leak-
age parameters while simultaneously controlling for all
other conditions. Consequently, we are unable to draw
any definitive conclusions pertaining to the effect of inner
volume or leakage on VICOZ.

Although most ventilator manufacturers integrate the ex-
halation port with the interface, the position of the exhala-
tion port on the interface often varies. The position of the
exhalation port can be broadly classified as over the nasal
bridge, on the elbow of the interface, or distal to the elbow
of the interface. In a previous study, interfaces with the ex-
halation port located on the interface (ie, over the nasal
bridge) efficiently reduced VICOZ compared to interfaces
with the exhalation port located on the breathing circuit.®
No study has compared VICOZ associated with an exhala-
tion port located at different sites on the interface.
Interfaces with the exhalation port in different positions
exhibited significantly different leakage; however, we spec-
ulate that the difference in leakage was not the main cause
of the influence of position on VICOZ. To our knowledge,
this study is the first to indicate that having the exhalation
port located over the nasal bridge may reduce VICOZ better
than having the exhalation port located at other sites on the
interface.

In our previous study, Fio, was significantly higher dur-
ing NIV when the oxygen injection site was closer to the
patient'*; this contradicted findings reported by Schwartz et
al*! and Waugh and De Kler.** We speculate that the incon-
sistent findings may be associated with the different interfa-
ces used in these studies. The oxygen injection site of the
interfaces used in the studies by Schwartz et al'’ and by
Waugh and De Kler** were located over the nasal bridge.
The exhalation port of these interfaces were located down-
stream to the oxygen injection site and closer to the oxygen
injection site; therefore, a part of the injected oxygen may
have leaked directly through the exhalation port, resulting in
reduced efficiency of oxygen supply. However, in our previ-
ous study, the exhalation port was located on the elbow of
the interface while the oxygen injection was on the lateral
wall of the interface.'"* When oxygen is injected into the
interface through the lateral wall, the exhalation port is
located upstream to the oxygen injection site; this prevents
excessive leakage of oxygen through the exhalation port.
Consistent with this hypothesis, our results also suggest that
the position of the exhalation port may significantly affect
Fio,. The lowest Fjo, was detected with interfaces in which
the exhalation port was located over the nasal bridge.

Currently there are no strict recommendations pertaining
to the oxygen injection site; however, most manufacturers
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tend to place the site at the outlet of the ventilator. To some
extent, the choice of oxygen injection site is based on usage
habit and the local situation. In China, home care ventilators
are commonly used in hospitals and the oxygen injection site
is often located on the mask. For patients with hypoxemia,
the location of the oxygen injection site on the interface may
facilitate higher Fio, and help improve the oxygen supply.
Therefore, we only used the site located on the mask in this
study. Although we believe that the oxygen injection site
may also influence VICOZ, the magnitude of the influence is
still unclear. In addition, the focus of this study was on the
influence of different interfaces on V1c02 rather than on the
influence of oxygen injection site.

The gas within the cavity of the interface is a mixture of
gas from 3 different origins: exhaled gas enriched with
CO,, injected oxygen, and fresh air. VICOZ and Fio,
depend on the fractions of these components during the
inspiratory phase. Except for the oxygen that is supplied
at a constant rate, the inflow of the other 2 components
and the outflow of all 3 components vary with time; this
results in dynamic changes in the fractions of CO, and O,.
In addition, the interface-associated factors (including
shape, inner volume, leakage, and position of exhalation
port) may have a complex effect on the mixture and dis-
charge of the 3 gases. Theoretically, the weaker the ability
of the interface to remove dead-space gas, the lesser the
elimination of CO, or O,, and, consequently, the higher
VICO2 and Fjo, will be. This explains the positive correla-
tion observed between VICOZ and Fjo, in our study.

A major limitation of this study was the in vitro study
design. Therefore, the study setting was not fully repre-
sentative of real-life NIV treatment in patients. The pa-
rameters of the simulated lung were not completely
consistent with the physiological conditions and only
simulated a part of the respiratory mechanics of patients
with COPD. In addition, the simulated lung does not con-
sume the inhaled oxygen; previous studies have reported
that Fip, measured in vitro is slightly higher than that
measured in clinical trials.>® Furthermore, we simulated
hypercapnia through continuous injection of CO, into the
breathing circuit, as described in previous reports.®**
Whether VICOZ measured in this way represents the actual
situation in patients is yet to be verified. Moreover, some
studies have reported that the respiratory center only
responds to > 0.1% change in CO, concentration due to
rebreathing.®*> Thus, our in vitro study can only demon-
strate the potential effects of different interfaces on Fio,
and VICOZ- Further clinical studies are required to verify
the clinical importance of our findings.

All interface-associated factors (eg, geometric design,
position of the exhalation port, inner volume, and leakage)
may have a potential confounding effect on Fjp, and
Vlcoz- It is difficult to clearly delineate the mask features
associated with high Fip, or low VICOZ. In addition, the
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purpose of this study was not simply to compare the advan-
tages and disadvantages of different interfaces in term of
Fio, and VICOZ. Indeed, in most cases, the effect of the inter-
face on Fjp, and VICOz can be counterbalanced by calibrat-
ing the ventilator parameters or oxygen flow. However,
knowledge of the effect of the interface on Fip, and VICOZ
may help clinicians in accurately evaluating disease severity
and help improve therapeutic efficacy. In addition, insights
from this study may help design better interfaces.

Conclusions

Our results indicate that differences between interfa-
ces in terms of inner volume, leakage, and different posi-
tions of the exhalation port may result in variance in Vlcoz-
The position of the exhalation port can influence both Fyo,
and VICOZ’ whereas inner volume and leakage affect only
Fo, . Fio, and Vlcoz showed a positive correlation.
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