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Recommended Approaches to Minimize
Aerosol Dispersion of SARS-CoV-2 During
Noninvasive Ventilatory Support Can Cause
Ventilator Performance Deterioration

A Benchmark Comparative Study

Maxime Patout, MD, PhD, Emeline Fresnel, PhD,; Manuel Lujan, MD, PhD, Claudio Rabec, MD,; Annalisa Carlucci, MD, PhD;
Léa Razakamanantsoa, MD, Adrien Kerfourn, PhD, Hilario Nunes, MD, PhD, Yacine Tandjaoui-Lambiotte, MD; —_—
Antoine Cuvelier, MD, PhD, Jean-Francois Muir, MD, PhD, Cristina Lalmoda, MD,; Bruno Langevin, MD,
Javier Sayas, MD, PhD; Jesus Gonzalez-Bermejo, MD, PhD; Jean-Paul Janssens, MD; on behalf of the SomnoNIV Group™

BACKGROUND: SARS-CoV-2 aerosolization during noninvasive positive-pressure ventilation
may endanger health care professionals. Various circuit setups have been described to reduce
virus aerosolization. However, these setups may alter ventilator performance.

RESEARCH QUESTION: What are the consequences of the various suggested circuit setups on
ventilator efficacy during CPAP and noninvasive ventilation (NIV)?

STUDY DESIGN AND METHODS: Eight circuit setups were evaluated on a bench test model that
consisted of a three-dimensional printed head and an artificial lung. Setups included a dual-limb
circuit with an oronasal mask, a dual-limb circuit with a helmet interface, a single-limb circuit with
a passive exhalation valve, three single-limb circuits with custom-made additional leaks, and two
single-limb circuits with active exhalation valves. All setups were evaluated during NIV and CPAP.
The following variables were recorded: the inspiratory flow preceding triggering of the ventilator,
the inspiratory effort required to trigger the ventilator, the triggering delay, the maximal inspi-
ratory pressure delivered by the ventilator, the tidal volume generated to the artificial lung, the total
work of breathing, and the pressure-time product needed to trigger the ventilator.
RESULTS: With NIV, the type of circuit setup had a significant impact on inspiratory flow preceding
triggering of the ventilator (P < .0001), the inspiratory effort required to trigger the ventilator (P <
.0001), the triggering delay (P < .0001), the maximal inspiratory pressure (P < .0001), the tidal
volume (P = .0008), the work of breathing (P < .0001), and the pressure-time product needed to
trigger the ventilator (P < .0001). Similar differences and consequences were seen with CPAP as well
as with the addition of bacterial filters. Best performance was achieved with a dual-limb circuit with
an oronasal mask. Worst performance was achieved with a dual-limb circuit with a helmet interface.
INTERPRETATION: Ventilator performance is significantly impacted by the circuit setup. A
dual-limb circuit with oronasal mask should be used preferentially.
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ABBREVIATIONS: HME = heat and moisture exchange; NIV =
noninvasive ventilation; PTP, = inspiratory pressure-time product;
sPVA = simulated patient-ventilator asynchrony; VT = tidal volume;
WOB = work of breathing
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Take-home Points

Study Question: Is ventilator performance altered by
circuit setups used to limit viral aerosolization of virus?
Results: Circuit setups and the use of a filter
significantly impact the performance of ventilators
during noninvasive ventilation and CPAP.

Interpretation: Modifying the circuit of a ventilator
can impair ventilator triggering, pressurization, and
performance, and affect work of breathing.

Patients with severe SARS-CoV-2 infection can receive
respiratory support using high-flow nasal therapy,
CPAP,’ or noninvasive ventilation (NIV).? The use of
these treatments is associated with virus aerosolization,’
which may endanger caregivers.”” For high-flow
therapy, surgical masks worn by patients can limit
aerosolization.”” During NIV or CPAP, surgical masks
cannot be worn. NIV and CPAP are usually delivered to
patients using an interface with a built-in intentional
leak to avoid CO, rebreathing. Various strategies have
been suggested by experts to minimize the risk of

aerosolization.”® For CPAP and NIV, the use of
nonvented masks with the addition of another bacterial
filter on the circuit has been suggested” to limit
aerosolization during expiration. These changes have
been implemented using various circuit setups.

If reducing the risk of aerosolization is a priority in the
treatment of patients with SARS-CoV-2 infection, we
still need to deliver the best care possible to patients. The
addition of a second bacterial filter in an NIV/CPAP
circuit is not the standard of care except when dual-limb
circuits are used. The addition of these filters may
impact on the resistance of the circuit and increase the
patient’s work of breathing. It may also alter ventilator
performance and generate patient-ventilator
asynchrony, which have a deleterious impact on acute
respiratory failure.'”"!

Our hypothesis was that the use of these modifications on
NIV/CPAP circuits altered ventilator performance. Our aim
was to assess the consequences of the various suggested
circuit setups for the treatment of SARS-CoV-2-infected
patients on ventilator efficacy during CPAP and NIV.

Study Design and Methods
Experimental Model
We used a three-dimensional (3D) printed head mimicking human

upper airways and trachea (e-Fig 1). The 3D printed head was

(E. Fresnel, A. Kerfourn, and A. Cuvelier), Bois-Guillaume, France;
Pneumology Department (M. Lujan and C. Lalmoda), Corporacié
Sanitaria Parc Tauli, Sabadell, Barcelona, Spain; Pulmonary Depart-
ment and Respiratory Critical Care Unit (C. Rabec), University Hos-
pital Dijon, Dijon, France; the Fédération ANTADIR (C. Rabec and J.-
F. Muir), Paris, France; Pulmonary Rehabilitation, Istituti Clinici Sci-
entifici Maugeri (A. Carlucci), Pavia, Italy; Department of Medicine (A.
Carlucci), University of Insubria Varese, Como, Italy; INSERM U1272,
“Hypoxia and the Lung” (H. Nunes and Y. Tandjaoui-Lambiotte),
Paris 13 University, Bobigny, France; Intensive Care Unit (Y. Tand-
jaoui-Lambiotte,), Avicenne Hospital, AP-HP, Bobigny, France;
Réanimation (B. Langevin), Pole Soins Aigus, Centre Hospitalier Ales,
Ales, France; the Servicio de Neumologia (J. Sayas), Hospital Uni-
versitario 12 de Octubre, Madrid, Spain; AP-HP (J. Gonzalez-Ber-
mejo), Groupe Hospitalier Universitaire APHP-Sorbonne Université,
site Pitié-Salpétriére, Service de Pneumologie, Médecine Intensive et
Réanimation (Département R3S), F-75013 Paris, France; Division of
Pulmonary Diseases (J.-P. Janssens), Geneva University Hospitals
(HUG), Geneva, Switzerland; and the Faculty of Medicine (J.-P.
Janssens), University of Geneva, Geneva, Switzerland.
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designed with ZBrush 2019 (Pixologic) by Phoenix Effect Studio.
The model was then printed using 3D printers Pro2 and Pro2 Plus
(Raise3D). The model had a dead space of 152 mL and a resistance
of 2.4 cm H,0.

We applied a nonvented orobuccal mask (Quattro FX; ResMed) on
the head and verified adequate fitting of the mask before each
maneuver. We assessed one setup using a helmet interface. In that
case, we used a NIV Zip Helmet mask (Dimar). Circuit setups were
evaluated with heat and moisture exchange (HME) filters (Inter-
Therm; Intersurgical), with low-resistance bacterial filters (Gibeck
ISO-Gard; Teleflex), or without any filter. Eight circuit setups were
evaluated during NIV and CPAP (Fig 1). Setup 4 used a 3D
printed piece designed by M. P., E. F,, and J. G.-B. for this purpose
and freely available (e-Fig 2).'> With CPAP, we analyzed a ninth
setup using Boussignac CPAP (Vygon). The Boussignac setup was
assessed with only one circuit setup but with the two-filter
configuration.

The trachea was connected to an artificial lung (ASL-5000; Ingmar
Medical). Respiratory effort was simulated, with a drop in airway
pressure at 100 milliseconds (or Py;) of 5 cm H,O and a breathing
frequency of 30 breaths/min. This setting was chosen to match the
respiratory mechanics seen during SARS-CoV-2 infections. The
shape of the effort curve was a double exponential. This effort was
combined with three different lung mechanics conditions, reflecting
the pulmonary function of the simulated patients by modulating
resistance (R) and compliance (C) parameters. We simulated a
normal lung condition with R = 5 cm H,O/L x s and C = 60 mL/
cm H,O, during 20 cycles according to measurements performed in
patients with severe SARS-CoV-2 infection”; a restrictive lung
condition with R = 5 ecm H,0/L x s and C = 30 mL/cm H,O,
during 15 cycles; and an obstructive lung condition with R =
25 cm H,O/L x s and C = 60 mL/cm H,0, during 15 cycles.
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Figure 1 - Setups evaluated in the experiments. (1) Mask, filter, and right-angle connector in which a 4-mm hole has been made (courtesy of C. R.); (2)
mask, filter, and a whisper swivel exhalation valve; (3) mask, T-connector, filter, and whisper swivel exhalation valve; (4) mask, 3D-printed piece with a
4-mm leak (provided courtesy of M. P., E. F., and J. G.-B., and shown in more detail in e-Fig 2; see KerNel Biomedical' for availability), and bacterial
filter; (5) mask, dual-limb circuit with filter on the inspiratory and expiratory circuits; (6) mask, active expiratory valve, and bacterial filter; (7) mask,
filter, and active expiratory valve; (8) helmet interface, bacterial filter on the inspiratory and expiratory circuits; (9) Boussignac CPAP montage,

bacterial filter between valve and mask.

All experiments were conducted with an Astral 150 ventilator version 0601
(ResMed) without active humidification. Ventilator pretests were conducted
before each experiment. The ventilator was set as follows: inspiratory
pressure, 16 cm H,O; expiratory pressure, 8 cm H,O; inspiratory time
window, 0.8 to 1.4 s; rise time, 100 milliseconds; trigger sensitivity, high;
cycling, 50% of the peak inspiratory flow. With CPAP, the expiratory
pressure was set at 8 cm H,O. These settings were chosen according to
the clinical experience of the authors in the treatment of patients with
severe SARS-CoV-2 infection. When CPAP was provided with
Boussignac CPAP (Vygon), pressure was generated with O, at 30 L/min.

Measurements

Measurements were performed on the basis of the flow and pressure
curves provided by the artificial lung (e-Fig 3).

For each cycle labeled as synchronized during NIV, we computed
seven indicators (Fig 2). We used four indicators to characterize
inspiratory trigger. The indicators were as follows: triggering delay
(ms), which measured the time lag between the beginning of
simulated effort and the onset of pressure support; flow to trigger
(L/min), defined as the value of patient flow measured at the onset
of support pressure; pressure to trigger (cm H,0), defined as the
value of muscular pressure (P,,,,) measured at the onset of support
pressure; and inspiratory pressure-time product (PTP,) (cm H,O x
s), defined as the area under the pressure-time curve between the
onset of inspiratory effort and the return to the set positive end-
expiratory pressure as described.'” We used three indicators to
characterize pressurization. The indicators were as follows: delivered
inspiratory pressure (cm H,0), defined as the peak pressure reached
during the inspiratory pressurization phase; tidal volume (V1; mL),
defined as the difference between the maximal volume delivered

within the current cycle to the mechanical lung and the residual
volume; and total work of breathing of the system (WOB) (m]),
defined as the sum of the patient WOB (integral of muscular
pressure x flow product preceding the onset of ventilatory support)
and ventilator WOB (integral of airway pressure x flow product
between onset of support and instant when 95% of the inspiratory
positive airway pressure level is reached during pressure rise time).

For each cycle labeled as asynchronized during NIV, we characterized
the simulated patient-ventilator asynchrony (sPVA) events according
to the framework proposed by the SomnoNIV group.'™'® We
distinguished rate asynchronies from intracycle asynchronies. Rate
asynchronies were defined as a mismatch between ventilator and
patient rates. We identified the following: ineffective efforts when an
inspiratory effort was not assisted by the ventilator (ie, a drop in
airway pressure associated with an increase or decrease in airflow
occurring during the expiratory or inspiratory phase, respectively),
double triggering when two mechanical cycles were triggered by the
patient, separated by a very short expiratory time (< 30% of mean
inspiratory time) and auto-triggering when mechanical cycles were
unrelated to the patient’s spontaneous breathing. Rate intracycle
asynchronies were defined as a distortion of the flow and pressure
curves during inspiration and/or expiration. We identified premature
cycling when the end of the mechanical insufflation preceded the end
of the patient’s inspiration and delayed cycling mechanical insufflation
exceeded the patient’s own neural expiration. Each asynchrony event
was expressed as a percentage by dividing the number of
asynchronous cycles by the total of simulated respiratory cycles.

During CPAP, the depression generated by the patient’s inspiratory
efforts is detected by the ventilator, which regulates the pressure
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Figure 2 — Description of how ventilator performance was assessed during noninvasive ventilation. The onset of pressure support allows measurement of
the triggering delay, the flow to trigger, and the pressure to trigger, and calculation of the inspiratory pressure-time product (PTP,). The maximal
delivered pressure and the tidal volume were measured from the ASL-5000 airway pressure and piston volume. The total work of breathing (WOB)
corresponds to the checkerboard area (combination of patient and ventilatory work). Pmus = muscular pressure.

delivered accordingly. For each breathing cycle, the following indicators
were computed (Fig 3): regulation delay (ms), which measures the time
lag between the start of simulated effort and the onset of pressure
regulation; flow to regulation (L/min), corresponding to the flow
preceding the ventilator pressurization response; PTP, (cm H,O X s),
defined as the area under the pressure-time curve between the onset
of inspiratory effort and the onset of pressure regulation; the maximal
delivered pressure (cm H,O), defined as the peak pressure reached
during the current cycle; and the tidal volume (mL), defined as the
difference between the maximal volume delivered within the current
cycle to the mechanical lung and the residual volume.

Statistical Analysis

Results are expressed as median and interquartile range. %2 tests
were used to compare categorical variables. Kruskal-Wallis tests
were used to compare continuous variables. Dunn’s correction was
applied for multiple comparisons. When assessing the impact of a
filter, we compared the absence of a filter with each filter type, as
well as the low-resistance filter with the HME filter. When
assessing the impact of circuits, setup 5 was used as reference. All
tests were two-sided. For all tests, the significance level was set at
.05. Statistical analysis was performed with Prism 9.0.0 (GraphPad
Software).

Results

For each setup, 135 respiratory cycles were analyzed
with NIV, and 150 with CPAP. Each experiment was
conducted with three different filter configurations: no
filter, low-pressure filter, or HME filter. In total, 2,430
respiratory cycles were analyzed: 810 (33%) with a
normal compliance and resistance profile, 810 (33%)

with a low compliance and normal resistance profile,

and 810 (33%) with a normal compliance and increased

resistance profile.

With NIV, the addition of a low-pressure or a HME
filter had a significant impact on ventilator performance.
The addition of a filter (low pressure or HME) was
associated with an increase in flow preceding triggering
(P = .0423), inspiratory effort to trigger the ventilator
(P < .0001), triggering delay (P < .0001), WOB (P <
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Figure 3 — Description of how venti-
lator performance was assessed dur-
ing CPAP. The onset of pressure
regulation allows measurement of the
regulation delay and the flow to
regulation, and calculation of the
equivalent PTP,. The maximal deliv-
ered pressure and the tidal volume
were measured from the ASL 5000
airway pressure and piston volume.
Pmus = muscular pressure;

PTP, = inspiratory pressure-time
product.

TABLE 1 | Impact of Filters on Ventilator Performance During Noninvasive Ventilation and CPAP

Variables

No Filter

Low-Resistance Filter

HME Filter

[Median (IQR)]

[Median (IQR)]

[Median (IQR)]

Noninvasive ventilation
Flow to trigger, L/min
Inspiratory effort, cm H,O
Time to trigger, ms
Delivered pressure, cm H,0
Work of breathing, mJ
Tidal volume, mL

Patient-ventilator
asynchrony, No. (%)

PTP;, cm H,O x s

CPAP
Flow to trigger, L/min
Time to trigger, ms
Delivered pressure, cm H>0
Tidal volume, mL
PTP;, cm H,0 x s

11.9 (-12.1 to 23.6)
-4.91 (-6.95 to -3.94)
75 (51 to 135)
16.7 (16.5 to 16.9)
537 (317 to 1274)
598 (354 to 917)
3 (3%)

0.070 (0.040 to 0.130)

23.6 (11.5 to 36.9)
220.7 (166 to 262.7)
8.1 (8.1 to 8.2)
359 (196 to 559)
0.189 (0.122 to 0.275)

18.6 (6.5 to 24.3)
-7.43 (-10.27 to -5.64)°
153 (94 to 307)°
15.8 (14.5 to 16.2)°
822 (714 to 1282)°
564 (328 to 760)°
9 (9%)

0.230 (0.120 to 0.280)°

25.9 (13.3 to 35.1)
281.3 (201.2 to 330.1)3°
7.9 (7.4 to 8)2°
344 (182 to 485)°
0.328 (0.289 to 0.548)%°

19.6 (6.5 to 24)
-7.68 (-10.1 to -5.9)?
163 (102 to 294)°
15.6 (14.1 to 16.1)°
814 (712 to 1268)°
555 (310 to 721)°

8 (8%)

0.280 (0.140 to 0.328)>"

29 (13.7 to 36)
294.9 (214.8 to 351.6)%"
7.8 (7.1 to 7.9)%P
341 (180 to 469)%°
0.382 (0.325 to 0.637)%°

Values represent median (IQR) unless otherwise indicated. HME = heat and moisture exchange; IQR = interquartile range; PTP, = inspiratory pressure-

time product.

9P < .05 after correction for multiple comparisons when compared with no filter.
®p < .05 after correction for multiple comparisons when comparing low-resistance filter and HME filter.
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Figure 4 - Ventilator performance according to the type of filter used during noninvasive ventilation. P values are reported if there is a significant
difference after correction for multiple comparisons when compared with no filter. HME = heat and moisture exchange.

.0001), and PTP, (P < .001) and a decrease in maximal
inspiratory pressure (P < .0001) and VT (P < .0001).
Percentage of sPVA was the only parameter for which
adding a filter did not cause a significant difference (P =
.190) (e-Table 1). No difference was seen between low-
pressure and HME filters except for PTP,, which was
higher when using an HME filter (P = .0316) (Table 1,
Fig 4). Similar results were seen with CPAP: albeit for
inspiratory flow preceding trigger, all parameters were
significantly influenced by the addition of filters. Except
for tidal volume, HME filters performed significantly
worse than low-pressure filters (Table 1, Fig 5).

With NIV, the type of circuit setup had a significant
impact on flow preceding triggering (P < .0001),
inspiratory effort to trigger the ventilator (P < .0001),
triggering delay (P < .0001), maximal inspiratory
pressure (P < .0001), VT (P = .0008), WOB (P < .0001),
PTP, (P < .0001), and sPVA (P < .0001) (Table 2, Fig 6).
The type of sPVA varied significantly between circuit

setups (P < .0001) (e-Table 2). Setup 5, using a dual-limb
circuit, was the best setup as flow preceding triggering,
inspiratory effort to trigger the ventilator, triggering delay,
and PTP, were lower than in other setups with similar Vt
delivered pressure and sPVA. Setup 8, using a helmet
interface, had the poorest performance regarding
triggering delay, PTP,, inspiratory effort to trigger the
ventilator, and sPVA. Similar results were obtained with
CPAP (Table 2, Fig 7). With CPAP, the use of setup 8
(helmet) was associated with a significant delay in
pressurization, and the use of setup 9 (Boussignac CPAP)
was associated with higher PTP, values. The maximal
delivered inspiratory pressure was significantly lower with
the Boussignac setup compared with that delivered by
ventilators (P < .0001).

Discussion

In this bench study of various setups proposed for
delivering NIV and CPAP during the SARS-CoV-2
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Figure 5 - Ventilator performance according to the type of filter used during CPAP. P values are reported if there is a significant difference after
correction for multiple comparisons when compared with no filter. HME = heat and moisture exchange.

pandemic, we have shown that modifying the circuit of a
ventilator can impair ventilator triggering,
pressurization, and performance, and affect work of
breathing.

In our study, the use of a dual-limb circuit achieved
the best performance. Its use was associated with the
lowest inspiratory effort to trigger the ventilator.
Therefore, the use of ventilators that allow the use of
dual-limb tubing for ventilation should be preferred.
Unfortunately, given the burden that the pandemic
has put on ventilator supplies, physicians are
frequently obliged to use home noninvasive
ventilators to set up intermediate-care facilities."
Most of these ventilators can be used only with
single-limb circuits. In this case, the addition of

intentional leaks (setups 1, 3, and 4) led to a lower
maximal pressure without a significant impact on
the work of breathing and without increasing sPVA.
With CPAP, the use of active expiratory valves
(setups 6 and 7) achieved better performance than
setups with intentional leaks.

Use of a helmet interface was associated with the
worst ventilator performance in this study. This may
be explained by the fact that we did not change the
ventilator settings. Indeed, helmet interfaces usually
require higher pressures than do facial or nasal

17,18

masks. Unless the team has expertise in the use

[e
of helmets,'**°

we suggest limiting its use to patients
who do not tolerate oronasal or facial masks or to

those for whom adequate fitting of oronasal or facial
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TABLE 2 | Impact of Circuit Setup on Ventilator Performance During Noninvasive Ventilation and CPAP

Variables

Setup 1

Setup 2

Setup 3

Setup 4

Setup 5

Setup 6

Setup 7

Setup 8

Setup 9

[Median (IQR)]

[Median (IQR)]

[Median (IQR)]

[Median (IQR)]

[Median (IQR)]

[Median (IQR)]

[Median (IQR)]

[Median (IQR)]

[Median (IQR)]

Noninvasive
ventilation

Flow to trigger,
L/min

Inspiratory effort,
cm H>0

Time to trigger, ms

Delivered pressure,
cm Hzo

Work of
breathing, mJ

Tidal volume, mL

Patient-ventilator
asynchrony,
No. (%)

PTPt, cm H,O x s

CPAP

Flow to trigger,
L/min

Time to trigger, ms

Delivered pressure,
cm H>,0

Tidal volume, mL

PTP;, cm H50 x s

23.5 [6.5 to
24.71°

-7.8[-10.3
to -5.9]°

165 [102 to
312]°

15.6 [14.6 to
15.7]

823 [717 to
1,270]

563 [280 to
748]

2 (2%)

0.255 [0.140
to 0.300]°

33.0[14.3 to
36.6]

289.1[210.9
to 354]

7.8[7.8 to
7.97°

344 [181 to
474]

0.353[0.321
to 0.599]

24.1[7.9 to
25.3]°

-7.7 [-10.3
to -5.8]°

163 [99 to
310]°

15.9 [15 to
16]

809 [709 to
1,281]

573 [285 to
780]

6 (7%)

0.270 [0.130
to 0.300]°

33.6 [13.7 to
37.9]

291 [207 to
356]

7.9 [7.9 to
7.97°

345 [182 to
485]°

0.325[0.297
to 0.552]°

23.2[7.2to
24.37°

-7.4[-10.3
to -6.0]°

153 [104 to
307]°

13.5[13.1to
13.97°

783 [675 to
1,320]

535 [267 to
715]°

2 (2%)

0.260 [0.140
to 0.2907°

33.2[14.6 to
37]

311.5[226.1
to 401.4]°

6.8 [6.6 to
6.91°

339 [178 to
461]

0.478 [0.376
to 0.643]

24.3[7.2 to
25.2]°

-7.6 [-10.4
to -6.0]°

158 [104 to
320]°

13.9 [13.6 to
14.47

780 [686 to
1,240]

544 [270 to
732]

2 (2%)

0.260 [0.140
to 0.298]°

33.7[13.7 to
38]

301.8 [214.4
to 379.9]

7.0 [6.9 to
7.17°

340 [180 to
470]

0.365 [0.325
to 0.59]

-11.3 [-15.4
to 7.4]

-3.9[-4.4 to
-3.5]

51 [41 to 61]

15.6 [15 to
15.9]

861 [747 to
1,373]

553 [325 to
776]

2 (2%)

0.050 [0.040
to 0.060]

34.6 [7 to
38.3]

293.9 [220.2
to 314.5]

8.0 [7.9 to
8.1]

337 [173 to
461]

0.405 [0.343
to 0.68]

10.4 [3.7 to
207°

-7.3[-9.7 to
-6.0]°

149 [105 to
266]°

16.2 [16.1 to
17.5]°

872 [815 to
1,046]

563 [277 to
770]

37 (41%)

0.260 [0.165
to 0.350]°

23.2[8.9 to
25.6]°

194.3[160.2
to 279.8]°

7.8 [7.4 to
7.91°

352 [183 to
526]°

0.312[0.257
to 0.364]°

14.1 [4.1to
197°

-7.0[-8.8 to
-5.57]°

135 [92 to
21177

16.5[16.4 to
16.5]°

520 [301 to
1,1297°

592 [331 to
949]

11 (12%)

0.170 [0.150
to 0.290]°

23.3[7.8 to
25.1]°

177.7 [146.5
to 276.47°

7.9[7.8 to
8.2]°

360 [183 to
59917

0.293 [0.219
to 0.314]°

21.6 [20.1 to
24.77°

-10.5[-11.2
to -9.97°

323 [278 to
4027°

16.3[15.5 to
16.6]°

875 [766 to
1,406]

529 [512 to
620]

38 (42%)

0.640 [0.470
to 1.255]°

29.1[12.2to
35.1]

363.3 [265.6
to 404.8]°

7.9 [7.9 to
8]°

339 [182 to
455]

0.380[0.322
to 0.863]

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

6.5 [6.5 to
6.6]°

320 [173 to
414]

0.860 [0.526
to 1.039]°

Values represent median (IQR) unless otherwise indicated. IQR = interquartile range; NA = not applicable; PTP. = inspiratory pressure-time product.

2P < .05 after correction for multiple comparisons when compared with setup 5.
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Figure 6 — Ventilator performances during noninvasive ventilation according to the type of circuit setup used. P values are reported if there is a
significant difference after correction for multiple comparisons when compared with setup 2.

masks cannot be achieved.?! In this situation, in
addition to using higher pressures, we recommend
increasing the sensitivity of trigger and cycling
settings and performing close monitoring for
patient-ventilator asynchronies. Indeed, in our
simulations, ineffective triggering and late cycling
were the most common sPVAs identified with the
helmet setup (e-Table 2).

Since the beginning of the SARS-CoV-2 pandemic, NIV
and CPAP have been used for the management of acute
respiratory failure outside ICUs."" In these units,
physicians and health care-associated professionals may
be less experienced in the delivery of acute NIV and/or
CPAP, which may further increase the risk of
nosocomial transmission.” In this context, in order to
limit aerosol generation during NIV/CPAP, we would
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Figure 7 — Ventilator performances during CPAP according to the type of circuit setup used. P values are reported if there is a significant difference after
correction for multiple comparisons when compared with setup 2.

recommend using the simplest available setup in each placed after the leak. This may therefore limit CO,
organization. This setup may vary between centers. rebreathing with limited droplet aerosolization.
Indeed, this choice needs to take into account the
availability of ventilators, the availability of additional
pieces required for the setup, as well as the use of prone
positioning outside of ICU."” The availability of trained
staff to detect and adjust ventilator settings in case of
asynchronies is essential to manage patients initiated on
NIV or CPAP.”” We believe that a trained staff, when
available, may overcome the limits of circuit setups

Given the lack of available ventilators during the critical
phase of the pandemic, the use of Boussignac CPAP has
been suggested as an alternative. In our study,
Boussignac CPAP achieved lower pressures, and a lower
tidal volume for a higher patient inspiratory effort than
ventilator-based CPAP. Because of technical limitations,
we were unable to increase the flow above 30 L/min; a
higher flow may have helped to achieve a pressure

identified in our bench tests by personalizing NIV or similar to ventilator-based CPAP.

CPAP settings to patient requirements.

The level of intentional leakage of each circuit setup
may be different; this could have had an impact on
ventilator performance. However, in setups 2 and 3,
the level of leaks was identical but, on NIV, setup 3
performed better than setup 2. Hence, we hypothesize
that the resistance added on the circuit by the second
filter is one of the main drivers of the differences seen.

With the use of single-limb circuits, we did not assess
CO, rebreathing. However, CO, rebreathing is
proportional to the dead-space volume between the
patient and the exhalation port. Therefore, the
exhalation port is usually placed as close as possible to
the mask. Given the SARS-CoV-2 pandemic and risk of
droplet aerosolization, it has been suggested to connect
the filter directly to the mask. Such a strategy increases Our results suggest that the use of low-pressure filters
the dead-space volume. In setups 4 and 6, the filter was has a less deleterious impact than that of HME filters.
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However, these results need to be interpreted with
caution as we ran our tests for a limited period of time
and without the impact of humidification coming from
air exhaled by the patient. Therefore, in a nonsimulated
environment, humidity may increase the resistance of
low-pressure filters more rapidly compared with HME
filters. This may lead to an increase in the work of
breathing as well as a decrease in the delivered pressure.

There are a few limitations of our study. First, we did not
assess aerosol dispersion. This would have been difficult
to replicate using a bench model. However, with the use
of filters, the only meaningful aerosol dispersion that can
occur would be related to unintentional mask leaks
caused by mask displacement or malposition. Therefore,
in addition to the use of dedicated circuit setups,
physicians should carefully choose their CPAP/NIV
interface while initiating patients with SARS-CoV-2
infection on a ventilator. Second, this is a bench model
study. We identified significant differences between
setups, but we were not able to assess their clinical
relevance. However, assessing eight different setups would

have been extremely difficult in clinical practice, even
using a crossover design. Third, we did not assess the
impact of the circuit setup for each of the three lung
mechanics conditions simulated (normal, obstructive, and
restrictive). Fourth, we could not assess the impact of the
various circuit setups on the comfort of patients. As an
example, setup 3 may add significant weight to the mask;
this may contribute to unintentional leaks and require
further tightening of the mask straps. This setup may also
make prone positioning of patients more difficult.

Interpretation

Ventilator performance is affected by the various
circuit setups that have been proposed to minimize
aerosolization of viral particles during care for SARS-
CoV-2-infected patients. The use of dual-limb circuits
should be preferred by physicians to maintain
ventilator performance. If dual-limb circuit ventilators
are not available, we suggest using the single-limb
setup that is the easiest to provide and monitor in
their institution.
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