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Abstract. The coronavirusdisease 2019 (COVID-19) impactsthe health infrastructure. In some places, people who need
artificial ventilation suffer with the lack of equipment and health system overburden. While many initiatives seek
solutionsto overcome the lack of respiratory support equipment, it was necessary to understand the behavior of a
commercial pulmonary ventilator, by characterizing the way in which some input variables such as required volume,
admitted inspiratory flow, positive end-expiratory pressure, and the patient's lung condition contribute to the response
of the equipment, according to the ventilation mode set. This study aims to build a meta-model for the behavior of a
commercial pulmonary ventilator, when configured in the volume-controlled ventilation mode. The design considered
three treatment-level for each factor resulting in a 34 full factorial design. The volume delivered by the ventilator (tidal
volume) and the peak inspiratory pressure were defined as the response variable and, as factor variables, the patient
pulmonary condition (low, medium, and high), the adjusted inspiratory flow (25, 35, and 45 I/min), the controlled
inspiratory volume (400, 500 and 600 ml) and adjusted PEEP (5, 10, and 15 cmH20). The three different pulmonary
condition was emulated by varying the patient complacency and resistance in a simulated respiratory circuit and the
three treatmentsfor the othersfactor was adjusted in the equipment. Then, the analysis of variance (ANOVA) and fitting
regression models for main and interactions effects of linear and quadratic order was conducted. In addition to the test
for significance of regression at ANOVA, the adherence of the metamodeling was checked through the analysis of
residuals and the standardized effects at 95 % confidence interval. For tidal volume, the controlled volume is the most
significant factor, while for peak inspiratory pressure is the pulmonary condition. Also, PEEP has an important
significance for both models. The reached results were preliminary, but essential to lead the process of design and
characterization of an alternative pulmonary mechanical ventilator prototype, which aims to be applied in future
unpredictable emergency situations, like observed in the COVID-19 crisis.

Keywords: biomedical equipment, system modeling, metamodel, covid-19
1. INTRODUCTION

For Coropechiet al. (2020), the world is facing an unprecedented situation in which the medicalsystem is placedin a
critical situation regarding available intensive care unit (ICU) equipment, especially mechanical ventilation devices.
According to Hao et al. (2021), mechanical ventilation is an effective medical means in the treatment of patients with
critically ill, COVID-19 and other pulmonary diseases. Grasselli et al. (2020) reports a large proportion of patients with
COVID-19 develop severe respiratory failure requiring 1CU and about 80% of them need mechanicalventilation.

Due to this situation many research teams have designed and developed pulmonary mechanical ventilation (PMV)
equipment (Oproescu et al., 2020, Ramos-Paz et al., 2020, Rehm et al., 2020, EPUSP, 2021, INESC TEC, 2020, INESC
P&D BRASIL, 2020, MIT, 2020). But testing this equipment can be a challenge, some tests can be performed with a
simple test lung, with known features like resistance and compliance. However, Coropechi et al. (2020) point that
ventilator should respond to the various compliancesand resistances a patient'slung can pose, but without an adjustable
test lung and the ability to simulate patient efforts, it is impossible to sure the ventilators response is accurate.

While many initiatives seek solutions to overcome the lack of respiratory support equipment, it was necessary to
understand the behaviorof a commercial pulmonary ventilator, by characterizing the way in which some input variables
such as required volume, admitted inspiratory flow, positive end-expiratory pressure, and the patient's lung condition
contribute to the response of the equipment, according to the ventilation mode set. This study aimsto build a meta -model
for the behavior of a commercial PMV, when configured in the volume-controlled ventilation mode. The design
considered three treatment-level for each factor resulting in a 34 full factorial design.
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The next sections of this paperare organized as follows: initially the materialand methodswere presented in section
2, while section 3 shows the results and discussion. Then, some conclusions are summarized in section 4, followed by
acknowledgment and references.

2. MATERIALS AND METHODS
2.1  Medical ventilator systems basics

The basic unit of mechanical ventilation is the mechanical breath, which is defined as a breath realized through a
ventilator system. Mechanicalventilation canbe viewed asa series of mechanicalbreaths. There are several mechanical
breath types. The type of mechanicalbreath is determined by five essential variables (Lei, 2017):

1. Triggering: defines when inspiration begins;

2. Cycling: defines when inspiration ends;

3. Controlling: defineshow delivery of inspiratory gas is controlled;

4. Targeting: defines the size of a mechanicalbreath;

5. Baseline: defines the baseline pressure at which mechanicalbreathsoccur.

According to Lei (2017) various mechanismsare associated with these variables,asshown in Table 1,and every type
of mechanicalbreath represents a unique combination of these variables.

Table 1. Essential variablesand their common mechanisms (Lei, 2017).

Variable Triggering Cycling Controlling Targeting Baseline

& Common | ¢ Time & Time cycling 4 \olume & Tidal volume # Positive end-

mechanisms | triggering & Flow cycling controlling # Inspiratory expiratory
® Pressure ® Pressure pressure pressure
triggering controlling # Target tidal (PEEP)
¢ Flow & Adaptive volume
triggering controlling
& Manual & Hybrid
triggering controlling

For this first study, considering guaranteed of tidal volume, the proposalwasthe analysis of a commercial pulmonary
ventilator performing a volume controlling breath type with time triggering, time cycling, Vr targeting, and PEEP
baseline.

As highlighted by Lei (2017),the major perceived advantage of volume controlling is stable tidaland minute volumes,
which makes clinicians more comfortable. In the other hand, in pressure controlling actively breathing patients may
influence the inspiratory flow and tidal volume they receive, resulting in better patient-ventilator synchrony. Besides,
with pressure controlling, when the system has a leak, causing circuit pressure to drop, the ventilator responds with an
increased inspiratory flow, allowing the ventilatoreffectively to compensate a moderate leak.

Developing a new alternative PMV prototype (UFG, 2020, Alcantara et al., 2021), the volume controlling hasbeen
observed to have fasterand easier logical implementation when using discrete command (on/off) inspiratory valves, more
easily found in the Brazilian national marketingduring the critical period of the COVID-19 pandemic. For this reason, it
was necessary to better understand the behavior of a commercial PMV operating in volume-controlled ventilation (VCV)
mode and an experimentalplanningto define a metamodelwasthen proposed.

2.2 Pulmonary ventilator equipment

Testing was performed with a commercial and calibrated PMV, model Inter7 Plus, manufactured by Intermed
Equipamento Médico HospitalarLtda. The Inter7 Plus is a micro processed electronic ventilator, specifically developed
foruse in neonatal, pediatric,and adult intensive care patients. The equipment s registered and certified according to the
standards NBR IEC 60601-1/1997, NBR IEC 60601-1-2/2006, NBR IEC 60601-1-4/2004, NBR IEC 60601-2-12/2004
and NBR 1SO 14971/2004,and may be considered the gold standard forthis type of device INTERMED, 2007).

The ventilatorwas connected to a standard 22 mm diameter breathing circuit, composed of tracheas, connectors, and
derivations. These accessories meet the specifications of the NBR13475 technical standard. Due to the absence of
humidity in the circuit, no drain was used. To simulate the pulmonary behavior, it was used a test lung with specified
compliance of 22+ 3 mL/cmH20, based on 500 ml of tidal volume, from VADI Medical Technology Co., Ltd. Other
levels for the pulmonary condition were achieving using a calibrated pulmonary simulator, model LS2000, produced by
Intermed Equipamento Médico Hospitalar Ltda. This simulator allows tests using different levels of compliance and
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airway resistance, using springs and restrictions to the air passage, thus allowing the characterization of the ventilator
behaviorunder different "clinical” conditions of a supposed patient.

A medicalair cylinder regulated at 3.5 kgf/cm2was used asthe pneumatic power supply for the ventilator. Tests were
performed with no oxygen supply, ensuring a fixed fraction of inspired oxygen (FiO2) of 21%. Figure 1 shows the
schematic circuit assembled to perform the tests.

Inter7 Plus

Breathing circuit

Test lung

Figure 1. Schematic drawing of the experiment setup.
2.3  Experimental procedure

The tests were performed using the VCV mode. Different values of controlled volume, inspiratory flow, and positive
end-expiratory pressure (PEEP) were adjusted, while other variables, such as inspiratory and expiratory times, peak
pressure, plateau pressure,amongothers, were given asa function of the adjusted parameters and the system’s respiratory
mechanicsresponse. The value of the respiratory rate was maintained at 10 cycles per minute for all the tests, as well as
the constant inspiratory flow (square waveform). Since this is a controlled ventilation mode using an artificial lung, there
is no externalrespiratory effort, so the ventilator sensitivity options were kept disabled (OFF mode). To avoid excessive
pressures, the Inter7 Plus also allows setting a threshold pressure in VCV mode. The input parameters set in the ventilator
and their respective values are shown in Table 2. In addition to the parameters set in the ventilator, the respiratory
mechanicsvary by using three different pulmonary conditions, regarding a qualitative variable, as listed in Table 3.

Table 2. Ventilator input parameters - VCV mode.

Parameter Value
Controlled volume, mL 400 500 600
PEEP, cmH20 5 10 15
Inspiratory flow, L/min 25 35 45
Threshold pressure, mH20 50

Respiratory rate, cycles /min 10

Inspiratory flow waveform square

Table 3. Pulmonary Conditions.

Condition Description
High Test lung
Compliance: 22+3 mL/cmH20
No additionalresistance
Medim Pulmonary simulator LS2000
Two tensioned springs
Airway Resistance: 20 cmH20/L/s
Low Pulmonary simulator LS2000
One tensioned spring
Airway Resistance: 20 cmH2>O/L/s
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After defining the ventilator and system parameters (pulmonary conditions), data acquisition was performed using
different combinationsto characterize the ventilator behaviorin a broad manner. Foreach test, the ventilatorwas put into
operation and waited until the system reach the steady state condition, i.e., until the measured quantities presented stable
values ateach cycle (variation < 5%). Once stable, the values of each parameter were manually recorded. The response
parametersanalyzed were tidal volume (VT), peak inspiratory pressure (PIP), inspiratory time (Ti), inspiration/expiration
ratio (1:E), expiratory time (Te), and measured PEEP (PEEPm), aspresented in Table 4. The testing methodology can be
visualized in the form of a flowchart, shown in figure 2:

Table 4. Response parameters.

Parameter Unit
Tidal Volume (V7) mL
Peak Inspiratory Pressure (PPI) cmH20
Inspiratory Time (Ti) S
Expiratory Time (Te) S
Inspiration/Expiration Ratio (I:E) Non-dimensional
Measured PEEP (PEEP) cmH20
| Start I
Circuit
mounting /
Check

. connections /'

Switch ON
ventilador

Set input
parameters

Wait for system
stabilization

Stable T ) NO
) parameters =
"~ (variation £5%)? "

|
YES
NO

Output parameters " Alltests T~ e Switch OFF 5 ,": Sty
o > X o

recording ~— done? - ventilador \ P

— /___,-- Y /

Figure 2. Test methodology.

2.4  Factorial design

Box et al., (2005) mentionsthat factorial design is the most efficient way to study the effect of two or more factors.
By the factors, we mean the ventilator input parameters in Table 2 and the pulmonary condition in Table 3. Further, to
investigate the factoreffects, the response was evaluated at different levels (i.e., differentvaluesor condition of factors).
For this paper, it was decided to investigate the input parametersand condition that have different values. There are four
factorsatthree levels each, thatresults in 81 runs to perform all combinations. Table 5 shows the 34 factorial design.

Defining the metamodel variables of interest must be a cautious decision. In literature, some complications can
becometrue with mechanicalventilation. Barotraumaand volutrauma are example of pulmonary injury that mechanical
ventilation can lead. According to Gannonetal. (1998), barotrauma can be defined by pressure -induced pulmonary injury.
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Webb and Tierney (1974) highlight that ventilation with high peak inspiratory pressures (PIP) can induce pulmonary
edema formation, interstitial edema eitheralone orin combination with alveolar flooding, as function of the peak pressures
used. Volutrauma is the term that describes ultrastructurallung injury due to overdistention occurring during mechanical
ventilation. The two terms—barotraumaand volutrauma—reflect the two sides of the same phenomenon: the lunginjury
due to a large distending volume and/orto a high airway pressure (loannidiset al., 2015).

Then, it is important for this study evaluate the volume delivered by the ventilator (tidal volume) and the peak
inspiratory pressure when working in the VCV ventilation mode.

Table 5 — The 3*factorial design for tidal volume (V1) and peak inspiratory pressure (PIP).

Factor Levels
Controlled volume®, mL 400 500 600
PEEP®), cmH20 5 10 15
Inspiratory flow®), L/min 25 35 45
Pulmonary conditions® Low | Medium | High

@ quantitative factor @ qualitative factor

The effect of a factoris defined to be the average change in response produced by a changein the level of that factor
(Montgomery, 2019). This source of variation in response can be caused by the main and/or interaction effect of the
factors. To test the significance of one or more factors one can be use the analysis of variance (ANOVA), where the null
hypothesis states that all factor level means are equal, while the alternative hypothesis states that at least one of that i
different (Box et al., 2005 and Montgomery, 2019).

Additionally, a metamodeling can express the most significant factorsby fitting a regression model to the response.
The adherence of the metamodeling is checked through the analysis of residuals and the pareto chart of effects. Finally,
the regression coefficient of the model is estimate by the least square method and verified with 95 % confidence interval.
Equation (1) express a regression model representation.

Y =PBo +Bix1+ Boxy+ -+ Brxy te, 1)

where y is the response, the ’s are regression coefficients whose values are to be determined, x,, iS a variable that
represent factor k. Notice thatan interactionterm g,, x, x, can be written as f;x, and likewise the quadratic term B,,x?
asf,x,.

3. RESULTS AND DISCUSSION
3.1  Tidal volume (V1)

First the pulmonary condition ANOVA was conducted for the full regression model. Then, by evaluating the most
significative factors, the reduced regression modelis achieved and displayed in Table 6. Reports that the significant factor
is chosen by the high values in the F-Value Column, also the P-Value allows us to get them, but for values smaller than
0,05 (95 % confidence).

So, the most significant factorsare Controlled volume (linear term), PEEP (linear and quadratic terms), Pulmonary
condition (linear term) and interaction between then. Notice that pulmonary condition hasnot quadratic term because is
a qualitative or categorical factor. The Rédj statistic equal to 96,05% was reached, which explain almost the total
variability by the size of the model. Finally, to assist interpreting the results, Figure 3 shows the pareto chart of the
standardized effects.

Table 6 — Tidal volume ANOVA for the reduced regression model.

Source DF Adj SS Adj MS F-Value P-Value

Regression 10 520112 52011,2 195,68 0,000
Controlled volume 1 89856 89856,0 338,07 0,000
PEEP 1 14323 14323,3 53,89 0,000
Pulmonary condition 2 7421 3710,5 13,89 0,000
PEEP*PEEP 1 15941 159410 59,95 0,000
Controlled volume*PEEP 1 2162 21622 8,14 0,006
Controlled volume*Pulmonary condition 2 5493 2746,3 10,33 0,000
PEEP*Pulmonary condition 2 11300 5650,1 21,26 0,000

Error 70 18605 265,8

Total 80
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Term 1,99
A
BB
B
BD
Predictor  Name
A Controlled volume
D B PEEP
C Inspiratory flow
D Pulmonary condition
AD
AB
0 5 10 15 20

Standardized Effect

Figure 3 — Tidal volume pareto chart of the standardized effects forthe reduced regression model. The red dashed
line indicates the threshold for the factorto be significant.

In the reduced model, one can verify that the controlled volume factor is the most significant effect. This is because
thetidal volume is the volume delivered by the ventilator. Therefore, the otherssignificant factors — PEEP and pulmonary
condition — may be associated to the dispersion around the controlled volume.

Figure 4 shows the surface plot of tidal volume for each pulmonary condition with the regression coefficients.
Observe that in high pulmonary condition the surface response has smaller slope, while low and medium pulmonary
condition have similarand larger slope. Furthermore, PEEP hasa quadratic effectwith downward concavity at 10 cmH20.

Pulmonary condition: Low Pulmonary condition: Medium Pulmonary condition: High

700 700

Tidal volume Tidal volume

500 7 ' 15 500 77 15 500 15
400 i 10 pgep 400 10 pggp 400 10 pggp
400 400 400
500 s 500 5 500 5
600 500 600
Controlled volume Controlled volume Controlled volume
Tidal volume = -140,7+1,1533*Controlled Tidal volume = -119,1+1,1478*Controlled volume Tidal volume = 4,2+0,9367*Controlled volume +
volume + 32,77*PEEP — 1,190*PEEP*PEEP — +31,88*PEEP — 1,190*PEEP*PEEP — 0,01550* 26,24*PEEP — 1,190*PEEP*PEEP — 0,01550*
0,01550* Controlled volume*PEEP Controlled volume*PEEP Controlled volume*PEEP

Figure 4 — Surface plot and regression model for tidal volume.

Although that,the adequacy of the underlying model should be checked by residual analysis shown in Figure 5. One
can verify that the residual follows a normaldistribution with zero mean andrevealsome outlier — data with larger residual
thanany of the others. Also, these outliers in residual versus order are more expressive as they are atthe run order end,
suggesting fatigue of the experimenter. To better explore these outlier Figure 6 displays the residual versus factors.

For pulmonary condition, the highest residuals are present at high level, so the data hasmore dispersion. However,
the model present betteradequacyat medium pulmonary condition. This result indicates the difficult to reach the adjusted
volume when performing the ventilation with a high pulmonary condition. Regardless of outliers atadjusted volume, the
less dispersion data are observed for 500 mL and similar residuals for 400 and 600 mL. PEEP level at 15,0 cmH20 has
most of the outliers and, despite an outlier at 10,0 cmH20, it has similar dispersion for 5,0 cmH20 level. This result
indicatesthatthe equipment suffersto reach the adjusted volume when operating with the higher PEEP level. Finally, the
inspiratory flow hasequivalentresiduals at their levels.
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Figure 5 — Tidal volume residual analysis for modeladequacy checking. The red dots are outliers.
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Figure 7 — Tidal volume residual versus factors. The red dots are outliers.
3.2  Peak Inspiratory Pressure (PPI)

Like tidal volume ANOVA analysis, Table 7 presents the peak inspiratory pressure ANOVA for the reduced
regression model, with a R7,; statistical equal to 84,98 %, and Figure 8 shows the pareto chart.One can verify thatthe
significant factors are pulmonary condition, PEEP, controlled volume, and their interactions. Although the linear
controlled volume is lower than the threshold value, it is considered to maintain the hierarchicalmodel. Finally, the most
significant factor for peak inspiratory pressure is the pulmonary condition.

Table 7 — Peak inspiratory pressure ANOVA for the reduced regression model.

Source DF Adj SS Adj MS F-Value P-Value

Regression 8 4056,78 507,09 57,59 0,000
Controlled volume 1 0,21 0,21 0,02 0,876
PEEP 1 63,24 63,24 7,18 0,009
Pulmonary condition 2 827,22 413,61 46,97 0,000
PEEP*PEEP 1 78,82 78,82 8,95 0,004
Controlled volume*PEEP 1 72,25 72,25 8,21 0,005
PEEP*Pulmonary condition 2 234,78 177,38 13,33 0,000

Error 72 633,98 8,80

Total 80
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Term 1,993

BD

Predictor Name

A Controlled volume
AB B PEEP
C Inspiratory flow
D Pulmonary condition
B
A
! ‘ ‘ ‘
0 1 2 3 4 5 6 T 8

Standardized Effect

Figure 8 — Peak inspiratory pressure pareto chart of the standardized effects forthe reduced regression model. The
red dashed line indicates the threshold for the factorto be significant.

Figure 9 displaysthe surface plot foreach pulmonary condition. One can notice that followed by pulmonary condition,
PEEP factorhasanimportant role for peak inspiratory pressure. The 600 mL and 15 cmH20 have the highest response.
Also, the mean predicted response in medium pulmonary condition are higher thanin low and high condition at all levels.

Pulmonary condition: Low Pulmonary condition: Medium Pulmonary condition: High

PIP 3 PIP 4
15 15
20 20
0 peep 0 peep
400 400
500 5 500 5
600 600
Controlled volume Controlled volume Controlled volume

Peak Inspiratory Pressure = 16,73 + Peak Inspiratory Pressure = 36,77 + Peak Inspiratory Pressure = 22,22 +
0,0017*Controlled Volume — 1,691*PEEP + 0,0017*Controlled Volume — 2,602*PEEP + 0,0017*Controlled Volume — 1,746*PEEP +
0,0837*PEEP*PEEP + 0,002833*Controlled 0,0837*PEEP*PEEP + 0,002833*Controlled 0,0837*PEEP*PEEP + 0,002833*Controlled
Volume*PEEP Volume*PEEP Volume*PEEP

Figure 9 — Surface plot and regression model for peak inspiratory pressure.

Next, Figure 10 presents the peak inspiratory pressure residual analysis for model adequacy checkingand Figure 11
show the residual versus factor. Besides the outliers, the error distribution is approximately normal. The residual versus
observation order also revels experimenter fatigue because these outliers are at run order end. Also, these outliers are
observed in the high pulmonary condition and 15 cmH20 of PEEP. These results show that pressure induced injury is
more likely to patients with worrisome conditions and high levels of PEEP. However, for controlled volume and
inspiratory flow these outliers are present atall levels. Finally, except for the inspiratory flow the residuals have similar

dispersion atall levels and factors. The inspiratory flow residuals at 25 L/min are more negative and at45 L/min are more
positive.
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Figure 10 — Peak inspiratory pressure residual analysisfor modeladequacy checking. The red dots are outliers.
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4. CONCLUSIONS

This paper highlights the procedure to obtain regression models for the behavior of a commercial PMV performing
VCV ventilation mode, as well as the results and discussion about them. For the commercial and calibrated pulmonary
ventilator, model Inter7 Plus, one can conclude that the significant factors for tidal volume and peak inspiratory pressure
are controlled volume, PEEP and pulmonary condition,and almost total variability is explained by the regression models.

For tidal volume, the controlled volume is the most significant factor, while for peak inspiratory pressure is the
pulmonary condition. Also, PEEP hasan importantsignificance forboth models.

For tidal volume the high pulmonary condition, 600 mL of adjusted volume and 15 cmH20 of PEEP have higher
residuals than other levels. For peak inspiratory pressure, the outliers are related to high pulmonary condition and 15
cmH20 of PEEP. They are the highest level for those factors, and likewise attention should be taken to then. It also
indicates the characteristic of patients with worrisome conditions. Barotrauma and volutrauma are example of the lung
injury due to a large distending volume and/orto a high airway pressure, whose require special clinician care.

Some outliers are observed in the experiment, on the observation orderthey are most presentat run orderend. Possibly
the experimenter fatigue could be the cause and additionally care should be taken on. An automatically recorder process
could mitigate this type of error. As further works, other ventilation modes, like PCV and PSV could be evaluated with
the same procedure. Furthermore, a regression modelshould be evaluated forthe others response parameters, such as Ti,
I:E, Te, and PEEPm.
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