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BACKGROUND: Simulation studies are often used to examine ventilator performance. However,
there are no standards for selecting simulation parameters. This study collected data in passively-
ventilated adult human subjects and summarized the results as a set of parameters that can be used
for simulation studies of intubated, passive, adult subjects with normal lungs, COPD, or ARDS.
METHODS: Consecutive adult patients admitted to the ICU were included if they were deeply
sedated and mechanically ventilated for <48 h without any spontaneous breathing activity. Subjects
were classified as having normal lungs, COPD, or ARDS. Respiratory mechanics variables were
collected once per subject. Static compliance was calculated as the ratio between tidal volume and
driving pressure. Inspiratory resistance was measured by the least-squares fitting method. The
expiratory time constant was estimated by the tidal volume/flow ratio. RESULTS: Of the 359
subjects included, 138 were classified as having normal lungs, 181 as ARDS, and 40 as COPD.
Median (interquartile range) static compliance was significantly lower in ARDS subjects as com-
pared with normal lung and COPD subjects (39 [32-50] mL/cm H,O vs 54 [44-64] and 59 [43-
75] mL/em H,O, respectively, P < .001). Inspiratory resistance was significantly higher in COPD
subjects as compared with normal lung and ARDS subjects (22 [16-33] cm H,O/L/s vs 13 [10-15]
and 12 [9-14] cm H,O/L/s, respectively, P < .001). The expiratory time constant was significantly
different for each lung condition (0.60 [0.51-0.71], 1.07 [0.68-2.14], and 0.46 [0.40—0.55] s for
normal lung, COPD, and ARDS subjects, respectively, P < .001). In the subgroup of subjects with
ARDS, there were no significant differences in respiratory mechanics variables among mild, mod-
erate, and severe ARDS. CONCLUSIONS: This study provides educators, researchers, and man-
ufacturers with a standard set of practical parameters for simulating the respiratory system’s
mechanical properties in passive conditions. Key words: medical simulation; critical care; artificial

respiration; respiratory mechanics; ARDS; COPD; lung compliance; airway resistance. [Respir Care
2018;63(2):158-168. © 2018 Daedalus Enterprises]

Introduction

Simulation studies are often used to examine ventilator
performance because models of the respiratory system are
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much easier to understand and experiment with than real
respiratory systems (either human or animal). According
to the Society for Simulation in Healthcare, “Simulation is
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SIMULATION OF ADULT SUBJECTS DURING MECHANICAL VENTILATION

the imitation or representation of one act or system by
another. Healthcare simulations can be said to have four
main purposes—education, assessment, research, and
health system integration in facilitating patient safety.”!
Implicit in the concept of simulation is the understanding
that the parameters of the simulation reflect realistic val-
ues of the system under study. If the model does not ac-
curately represent the system being simulated, then any
conclusions about the how the real system behaves are
suspect.! More importantly, models can be created that do
not vary with time or with ventilator settings, so that the
differences observed in measurements are presumed to be
related only to performance differences among the venti-
lators in the study.

In the past, studies reporting ventilator performance?3
often used some version of the Michigan Instruments Train-
ing and Test Lung simulator. This device has 1 or 2 spring-
loaded bellows to model compliance (adjustable spring
tension varies compliance values) connected in series with
parabolic flow resistors. The Training and Test Lung is a
passive device. To simulate inspiratory effort (muscle pres-
sure [P, ] in the equation of motion), researchers have
improvised by linking the 2 bellows and using one to drive
the other by connecting it to a separate ventilator.* Thus,
the larger the tidal volume and the higher the inspiratory
flow of the drive ventilator, the higher the simulated in-
spiratory effort. Unfortunately, this procedure limits the
shape of the P, (t) to the available flow shapes from the
drive ventilator, which are quite limited. More recent stud-
ies>!15 have used more sophisticated devices that allow
high-fidelity simulation of both lung model (ie, resistance
and compliance) and effort model (P, waveform).

As suggested above, studies simulating the mechanical
properties of the respiratory system are common. Unfor-
tunately, although international standards for ventilator
performance testing (for manufacturers) are available (https://
www.iso.org/standard/51141.html, Accessed July 29, 2017),
there are no commonly accepted, clinically relevant stan-
dards for selecting simulation parameters that are evidence-
based and linked to particular lung disease states (eg, nor-
mal, COPD, ARDS) or patient populations (eg, adult vs
child vs infant). As a result, researchers typically pick
values that seem reasonable to them, generally without
regard to actual human data. This makes comparison of
results among studies of ventilator performance difficult,
and it makes meta-analysis impossible. Therefore, the pur-
pose of this paper was to gather data on a large number of
ventilated adult human subjects and to summarize the re-
sults as a set of parameters (grouped by lung disease) that
can be used to construct standardized patients for simula-
tion studies of intubated, passive patients (ie, all breaths
are machine-triggered). In particular, we provide standard-
ized values for respiratory system resistance and compli-
ance that can be used in the equation of motion (either in
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Current knowledge

Although international standards for ventilator perfor-
mance testing are available, there are no commonly
accepted, clinically relevant standards for selecting sim-
ulation parameters that are evidence-based and linked
to particular lung disease states.

What this paper contributes to our knowledge

This study provides educators, researchers, and manu-
facturers with standardized values for respiratory sys-
tem resistance and compliance that can be used in the
equation of motion (either in physical or mathematical
models) for simulating the respiratory system’s me-
chanical properties according to lung condition: nor-
mal; COPD; and mild, moderate, or severe ARDS.

physical or mathematical models). These values are grouped
by lung condition: normal; COPD; and mild, moderate or
severe ARDS.

Methods

This prospective, observational, comparative study was
conducted from June 2015 to November 2016 in the 16-
bed general adult ICU of Sainte Musse Hospital in Toulon,
France. The institutional review board approved the pro-
tocol, which was also declared at the Commission Nation-
ale Informatique et Liberté. According to French regula-
tion, signed consent was waived, and each patient’s next
of kin was informed by a document explaining the study
and could refuse the patient’s participation.

Subjects

Consecutive adult patients admitted in the ICU were
included if they were deeply sedated (Richmond Agita-
tion-Sedation Scale —4 or —5), were mechanically venti-
lated for <48 h without any spontaneous breathing activ-
ity, and met criteria for a single lung condition (normal
lungs, COPD, or ARDS). Patients were excluded in case
of pregnancy, body mass index >30 kg/m?, severe hemo-
dynamic impairment, bronchopleural fistula, brain death,
or a mix of lung conditions (eg, COPD with ARDS). Se-
dation and myorelaxant were prescribed by the physi-
cian in charge of the subject, combining either midazo-
lam or propofol with sufentanil, and cisatracurium
were used. Subjects were positioned semirecumbently
(30-45°) and mechanically ventilated using a Hamil-
ton-S1 ventilator (Hamilton Medical, Rhéziins, Switzerland).
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SIMULATION OF ADULT SUBJECTS DURING MECHANICAL VENTILATION

Patients admitted
to the ICU
1,776

Excluded
830
Not ventilated: 436
NIV: 394

\

Intubated patients
946

Excluded
587

Spontaneous mode: 328
Mixed lung condition: 210
BMI > 30: 25
Brain death: 12
Severe hemodynamic

impairment: 8
Bronchopleural fistula: 3
Pregnancy: 1

\

Subjects enrolled

359
! ‘ {
Subjects with Subjects Subjects
normal lungs with ARDS with COPD
138 181 40
Mild: 47
Moderate: 95
Severe: 39

Fig. 1. Flow chart. NIV = noninvasive ventilation, BMI = body
mass index.

A heat-and-moisture exchanger or a heated humidifier was
used for gas conditioning.

Subjects were classified according to their lung condi-
tion as having normal lungs, COPD, or ARDS. Normal
lungs was selected for subjects with no underlying respi-

ratory disease, normal chest radiography on the inclusion
day, and P,q /Fio ratio of =300 mm Hg; ARDS was
defined according to the Berlin definition with an arterial
blood gas measured at a minimum of 5 cm H,O of PEEP;'¢
COPD was defined using Global Initiative for Chronic
Obstructive Lung Disease criteria.!”

Ventilator Settings

All subjects were ventilated with the mode called
INTELLiVENT-ASV.!8 Tidal volume (V) was automat-
ically controlled to be in the range of 5—8 mL/kg predicted
body weight for ARDS subjects, 6—9 mL/kg predicted
body weight for normal lung subjects, and 7-10 mL/kg
predicted body weight for COPD subjects. PEEP was auto-
matically set in the range of 5-8 cm H,O for normal lung
subjects and 5-10 cm H,O for COPD subjects, according to
the PEEP-F, table implemented in INTELLiVENT-ASV,
which is derived from the ARDSnet tables.!® Plateau pressure
was limited at 30 cm H,O for all subjects.

Measurements, Data Collection, and Calculations

Airway pressure and flow were measured using the ven-
tilator’s proximal pneumotachograph (single-use flow sen-
sor, PN 279331, Hamilton Medical, linear between —120
and 120 L/min with a =5% error) inserted between the
endotracheal tube and the Y-piece. When a heat-and-
moisture exchanger was used, it was positioned distally to
the sensor, so that measurements took into account the
resistance of the heat-and-moisture exchanger. Volume was
obtained by integration of the flow signal.

Table 1  Subject Characteristics at Inclusion
ARDS
Characteristics All Subjects Normal Lungs COPD

All Mild Moderate Severe
Number 359 138 181 47 95 39
Male/female sex, % 64/36 68/32 80/20 60/40 57/43 60/40 59/41
Age, median (IQR) y 67 (56-76) 65 (52-73) 66 (61-75) 68 (57-78) 68 (60-80) 69 (56-78) 67 (57-78)
BMI, median (IQR) kg/m> 25 (22-28) 25 (22-27) 24 (22-27) 25 (22-29) 25 (22-28) 26 (22-29) 25 (22-29)
PBW, median (IQR) kg 66 (56-72) 66 (58-74) 66 (62-72) 63 (55-72) 63 (56-72) 64 (56-72) 62 (52-70)
SAPS II, median (IQR) 56 (46-68) 56 (47-67) 48 (41-64) 59 (49-71) 57 (50-66) 60 (48-73) 62 (48-74)
ETT size, median (IQR) mm 7.5 (7.5-8.0) 7.5 (7.5-8.0) 7.5(75-8.0) 7.5(75-8.0) 7.5(75-8.0) 7.5(7.5-8.0) 7.5(7.5-8.0)
Humidification, %HH/%HME 74/26 53/47 82/18 88/12 81/19 86/14 100/0
Muscle relaxant, n (%) 132 (37) 26 (20) 11(27) 95 (52) 12 (25) 55 (58) 28 (72)

IQR = interquartile range

BMI = body mass index

PBW = predicted body weight

ETT = endotracheal tube

HH = heated humidifier

HME = heat-and-moisture exchanger
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SIMULATION OF ADULT SUBJECTS DURING MECHANICAL VENTILATION

Table 2 Ventilator Settings and Arterial Blood Gas Results
Settings All Subjects Normal Lungs COPD ARDS

(V= 359) (n=138) (n=40) Al (n=181) Mild (n=47) Moderate (n = 95) Severe (n = 39)
PEEP, cm H,O 8 (5-12) 5(5-7) 7 (5-10) 12 (9-15) 10 (7-12) 12 (9-15) 12 (10-16)
Fio, 0.3 (0.26-0.42) 0.26 (0.21-0.30) 0.32 (0.28-0.42) 0.38 (0.30-0.50) 0.31 (0.28-0.37) 0.40 (0.30-0.50) 0.48 (0.34-0.78)
V., mL/kg PBW 7.0 (6.2-8.0) 7.4 (6.4-8.2) 8.9(7.3-10.9) 6.7(5.7-7.4) 6.9 (6.3-7.5) 6.6 (5.6-7.2) 6.6 (5.6-7.5)
Frequency, breaths/min 19 (15-22) 17 (14-21) 14 (9-17) 21 (17-24) 20 (17-22) 21 (17-24) 21 (16-26)
Pyja ¢cm H,O 19 (16-24) 15 (13-17) 20 (17-23) 23 (20-26) 21 (18-25) 23 (20-25) 25 (22-27)
pH 7.35(7.28-7.41) 7.38 (7.33-7.43) 7.32(7.26-7.40) 7.32(7.26-7.40) 7.33 (7.28-7.40) 7.33(7.26-7.41) 7.29 (7.21-7.34)
P,o,, mm Hg 83 (73-95) 89 (81-97) 78 (67-99) 80 (71-90) 81 (72-88) 78 (70-94) 78 (68-91)
P.co,» mm Hg 40 (37-47) 37 (35-39) 51 (45-55) 43 (38-50) 39 (37-46) 43 (39-50) 49 (44-56)
Suoy % 96 (94-98) 97 (96-98) 95 (93-98) 95 (93-97) 96 (94-97) 95 (94-97) 94 (92-95)
Results are median (interquartile range).
Vp = tidal volume
PBW = predicted body weight
Ppjar = plateau pressure
Table 3  Respiratory Mechanics Results for All Subjects

Parameters All Subjects (N = 359) Normal Lungs (n = 138) COPD (n = 40) ARDS (n = 181) P

Cgrar, mL/cm H,O 47 (38-58) 54 (44-64) 59 (43-75) 39 (32-50) <.001
Rins LSF, cm H,O/L/s 12 (10-16) 13 (10-15) 22 (16-33) 12 (9-14) <.001
RCgxp, s 0.5 (0.4-0.7) 0.6 (0.5-0.7) 1.1 (0.7-2.1) 0.5 (0.4-0.6) <.001
Rgxp, cm H,O/L/s 13 (11-15) 12 (10-14) 18 (14-36) 14 (11-16) <.001

Results are median (interquartile range). P values are from analysis of variance.
Cgrar = static compliance

Ryns LSF = inspiratory resistances measured by least-square fit method

RCgxp = expiratory time constant

Rgxp = expiratory resistance calculated from RCgxp and Cgrar

Respiratory mechanics variables and ventilator settings
were collected once per subject at the exact time of an
arterial blood gas measurement. The time of data collec-
tion was chosen to be apart from nursing care and medical
procedures.

Static compliance was calculated as the ratio between
Vi and driving pressure. Driving pressure was calculated
as the difference between plateau pressure and total PEEP
measured by a 5-s end-inspiratory and end-expiratory oc-
clusion, respectively.?® Because subjects were ventilated
in pressure control mode (with an exponential decay of
inspiratory flow waveform), inspiratory resistance was
measured by the least squares fitting method over the full
respiratory cycle.?! The expiratory time constant was es-
timated by the V. /flow ratio at 75% of the expiratory V.22

Statistical Methods
To perform subgroup analysis, the study was planned to
stop after the inclusion of at least 100 normal lung sub-

jects, 30 ARDS subjects for each severity subgroup, and
40 COPD subjects. Values are expressed as medians (in-
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terquartile range). Kruskal-Wallis analysis of variance was
used to compare values between each type of lung condi-
tions. Statistical significance was assumed for P = .05.
Statistical analysis was performed using SigmaStat soft-
ware 3.5 (SPSS, Chicago, Illinois).

Results

Among the 359 subjects included, 138 subjects were
classified as normal lungs, 181 as ARDS, and 40 as COPD.
Subjects’ flow diagram and characteristics at inclusion are
presented in Figure 1 and Table 1, respectively. Ventilator
settings and arterial blood gas results are presented in
Table 2.

Respiratory mechanics results are presented in Table 3
and Figure 2. Static compliance was significantly lower in
ARDS subjects, as compared with normal lung and COPD
subjects (39 [32-50] mL/cm H,O vs 54 [44—-64] and 59
[43-75] mL/cm H,O, respectively, P < .001). Inspiratory
resistance was significantly higher in COPD subjects
as compared with normal lung and ARDS subjects (22
[16-33] cm H,O/L/s vs 13 [10-15] and 12 [9-14] cm
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Fig. 2. Respiratory mechanics for all subjects and according to lung condition. Box plots

* P < .001 for pairwise comparison using Dunn’s method.

represent median and interquartile range.

Table 4  Inspiratory Resistances According to Endotracheal Tube Size and Humidification
Parameters All Subjects Normal Lungs COPD ARDS P
Ring LSF with ETT 7.0, cm H,O/L/s
All 14 (13-16) 14 (13-15) NA 15 (13-17)
HH 14 (13-16) 13 (13-14) NA 14 (13-16)
HME 16 (13-19) 15 (13-18) NA 17 (14-22)
Rins LSF with ETT 7.5, cm H,O/L/s
All 13 (11-16) 13 (11-15) 27 (18-39) 12 (10-14) <.001
HH 12 (10-14) 11 (9-14) 33 (19-42) 11 (10-13) <.001
HME 15 (12-16) 14 (12-16) 26 (16-29) 14 (12-17) .02
Rins LSF with ETT 8.0, cm H,O/L/s
All 11 (9-14) 11 (10-13) 18 (12-23) 10 (8-13) <.001
HH 11 (9-14) 10 (10-12) 18 (13-24) 10 (8-12) <.001
HME 13 (11-14) 13 (11-14) 16 (12-20) 14 (10-17) .63

Results are median (interquartile range). P values are from analysis of variance on ranks.
Rins LSF = inspiratory resistance measured by least-square fit method

ETT = endotracheal tube

NA = not applicable

HH = heated humidifier

HME = heat and moisture exchanger

H,O/L/s, respectively, P < .001). Inspiratory resistance
according to the size of endotracheal tube and humidi-
fication system are presented in Table 4. Expiratory
time constant was significantly different for each lung
condition (0.60 [0.51-0.71], 1.07 [0.68-2.14], and 0.46
[0.40-0.55] s for normal lung, COPD, and ARDS sub-
jects, respectively, P < .001).

In the group of ARDS subjects, there were no significant
differences in respiratory mechanics variables among mild,
moderate, and severe ARDS subjects (Table 5 and Fig. 3).

Discussion

This study represents the largest single study describing
respiratory system mechanical properties for all 3 popula-
tions commonly requiring mechanical ventilation in ICUs
(ie, normal, COPD, and ARDS). As expected, all pa-
rameters show a large variation, yet median values per-
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mit distinction among patient populations and subpopu-
lations (for ARDS) as shown in Tables 3 and 5. These
median values are within the ranges of data reported in
other studies for subjects with normal lungs,?3-33 sub-
jects with COPD,?3-25.30.33.34 and subjects with ARDS
(Tables 6—8).23-28.30.35-61

The question, of course, is what to do with all of this
information. One obvious application, and the primary pur-
pose of this study, is to provide the basis of simulation-
based medical education and research, particularly in the
art and science of mechanical ventilation.®> Simulation-
based medical education and simulation-based mastery
learning have become well-established in undergraduate
and graduate medical, nursing, and allied health-care train-
ing programs.®3 Much like a standardized patient,** a high-
fidelity lung simulator can provide the framework for teach-
ing virtually any aspect of the physical interaction of a
patient and a mechanical ventilator. Furthermore, a stan-
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Table 5  Respiratory Mechanics Results for the Subgroup of ARDS Subjects

Parameters Mild ARDS (n = 47) Moderate ARDS (n = 95) Severe ARDS (n = 39) P
Cgrat, mL/cm H,O 44 (36-53) 39 (31-49) 38 (30-45) .16
Rins LSF, cm H,O/L/s 11 (9-14) 12 (10-14) 12 (9-14) 74
RCixp, § 0.50 (0.43-0.56) 0.44 (0.39-0.53) 0.45 (0.37-0.55) .08
Rixp, cm H,O/L/s 13 (10-15) 14 (11-16) 14 (12-16) .30

Results are median (interquartile range). P values are from analysis of variance.
Cgrar = static compliance

Rns LSF = inspiratory resistance measured by least-square fit method

RCgxp = expiratory time constant

Rgxp = expiratory resistances calculated from RCgyp and Cgpar
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Fig. 3. Respiratory mechanics for ARDS subjects and according to
severity: Box plots represent median and interquartile range.

dard set of simulation parameters would provide research-
ers with a common basis for conducting ventilator perfor-
mance studies. Manufacturers of ventilators could also use
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this information for conducting realistic new product ver-
ification and validation studies.

Standard Simulation Parameters

A convenient theoretical basis for standardizing simula-
tion parameters is a mathematical model of respiratory sys-
tem mechanics. The simplest model of the respiratory system
used for ventilator studies is the single-compartment model,
composed of a single flow resistance and a single elastic
compartment, represented by the equation of motion for the
respiratory system,®3-66

Pyoy(t) + P,u(t) — auto-PEEP = EV(t) + RV(t) (1)

where the following are true. P, (t) = the change in
transrespiratory pressure difference (ie, airway opening
pressure minus body surface pressure) as a function of
time (t), measured relative to end-expiratory airway pres-
sure. This is the pressure generated by a ventilator during
an assisted breath. P, (t) = ventilatory muscle pressure
difference as a function of time (t); the theoretical chest
wall transmural pressure difference that would produce
movements identical to those produced by the ventilatory
muscles during breathing maneuvers (positive during in-
spiratory effort, negative during expiratory effort).
V(t) = volume change relative to end-expiratory volume
as a function of time (t). V(t) = flow as a function of time
(t), the first derivative of volume with respect to time.
E = elastance (inverse of compliance; E = 1/C). R = re-
sistance. auto-PEEP = end-expiratory alveolar pressure
above end-expiratory airway pressure.

In this equation, pressure, volume, and flow are variables,
whereas elastance and resistance are parameters (assumed to
be constants). This happens to be the same model used by
ventilators that calculate and display resistance and compli-
ance values of patients. Indeed, the graphic waveforms for
pressure, volume, and flow displayed by such ventilators are
nothing other than the graphical representation of the equa-
tion of motion. The compliance (C) of the model is generally
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Table 6  Respiratory Mechanics Results From Other Studies for Normal Subjects

Study Year Subjects, N Method C* RinsT RCpexpi Rexp$ Definition of Normal
Arnal?? 2008 115 LSF/75% expiration 40 16 0.78 20 Yes
Arnal>* 2013 27 LSF/75% expiration 39 15 0.58 15 No
Arnal (unpublished) 2015 20 LSF/75% expiration 51 14 0.65 13 No
Belliato? 2004 8 LSF/75% expiration 49 12 0.72 15 No
Chang?¢ 2013 722 Conventional 39 NR NR NR No
Chiumello?’ 2008 19 Conventional 56 NR NR NR No
Fretschner?® 1996 10 LSF/75% expiration 56 NR NR NR No
Futier?® 2013 400 Conventional 53 NR NR NR No
Totti30 2010 22 LSF/75% expiration 51 13 0.71 14 No
Jia3! 2008 636 Conventional 46 NR NR NR No
Koutsoukou?? 2006 21 Conventional NR 10 NR NR No
Volta®3 2002 8 Conventional NR 12 NR NR No
* Median = 50; maximum = 56; minimum = 39.
T Median = 13; maximum = 16; minimum = 10.
* Median = 0.7; maximum = 0.8; minimum = 0.6.
§ Median = 15; maximum = 20; minimum = 13.
C = compliance
Rns = inspiratory resistance
RCgxp = expiratory time constant
Rgxp = expiratory resistance calculated from RCgxp and C
LSF = least-square fit method
NR = not reported
Table 7  Respiratory Mechanics Results From Other Studies for Subjects With COPD

Study Year Subjects, N Method C* RinsT RCixpi Rexp$ Definition of COPD
Arnal?? 2008 33 LSF/75% expiration 48 21 1.00 21 GOLD
Arnal?* 2013 12 LSF/75% expiration 53 21 1.22 23 GOLD
Arnal (unpublished) 2015 9 LSF/75% expiration 58 23 1.13 19 GOLD
Belliato? 2004 8 LSF/75% expiration 65 25 2.21 34 ATS
Totti30 2010 30 LSF/75% expiration 55 20 1.08 20 No
Lourens3* 2000 8 75% expiration NR NR 1.05 NR Moderate COPD
Lourens3* 2000 18 75% expiration NR NR 2.84 NR Severe COPD
Volta3? 2002 8 Conventional NR 20 NR NR No
* Median = 55; maximum = 65; minimum = 48.
T Median = 21; maximum = 25; minimum = 20.
+ Median = 1.1; maximum = 2.8; minimum = 1.0.

§ Median = 21; maximum = 34; minimum = 19.

C = compliance

Ryys = inspiratory resistance

RCgxp = expiratory time constant

Rgxp = expiratory resistance calculated from RCgyp and C

LSF = least-square fit method

GOLD = Global Initiative for Chronic Obstructive Lung Disease
ATS = American Thoracic Society

NR = not reported

assumed to be linear for ventilator performance studies, in the
form of C = Avolume/Apressure. The resistance (R) is mod-
eled as either linear (R = Apressure/Aflow) or non-linear (eg,
parabolic). A parabolic resistor is one for which pressure is
proportional to the square of flow. Note that for a parabolic
resistor, the resistance is often defined as Apressure/Aflow at
a particular flow value. This means that the equivalent linear
resistance is different for each flow at which it is evaluated.
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In other words, using a parabolic resistor, the resistive load of
the lung model changes as flow changes. Hence, to maintain
consistent testing parameters across different flows, it is usu-
ally better to select linear rather than parabolic resistors for
ventilator performance evaluation studies.

To our knowledge, this study is the first attempt to
provide standardized, evidence-based simulation parame-
ters for the mechanical properties of the adult human re-
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Table 8  Respiratory Mechanics Results From Other Studies for Subjects With ARDS

First Author Year Subjects, N Method C* RinsT RCixpt Rexp$ Definition of ARDS

Amato3> 1998 53 Conventional 29 NR NR NR

Brower3¢ 2004 474 Conventional 35 NR NR NR AECC
Arnal?? 2008 26 LSF/75% expiration 27 15 0.51 19 AECC
Arnal** 2013 13 LSF/75% expiration 29 11 0.47 16 AECC
Arnal®’ 2011 50 LSF/75% expiration 30 NR NR NR AECC
Arnal3® 2012 31 LSF/75% expiration 35 16 NR NR AECC
Belliato?s 2004 5 LSF/75% expiration 26 13 0.47 18 AECC
Brower? 2003 96 Conventional 35 NR NR NR AECC
Caironi*® 2010 68 Conventional 43 NR NR NR AECC
Chang?¢ 2013 107 Conventional 32 NR NR NR AECC
Chiumello?’ 2008 24 Conventional 42 NR NR NR AECC
Chiumello*! 2013 51 Conventional 37 NR NR NR AECC
Chiumello*? 2013 44 Conventional 42 NR NR NR Berlin
Cressoni#? 2014 148 Conventional 43 NR NR NR Berlin
Dellamonica** 2011 30 Conventional 31 NR NR NR AECC
Dellamonica®’ 2013 40 Conventional 36 NR NR NR AECC
Demory#¢ 2008 26 LSF/75% expiration 32 NR NR NR AECC
Estenssoro*’ 2003 48 Conventional 26 NR NR NR AECC
Galiatsou*$ 2006 21 Conventional 30 NR NR NR AECC
Gattinoni*® 2006 68 Conventional 44 NR NR NR AECC
Totti30 2010 36 LSF/75% expiration 34 15 0.5 15 AECC
Mercat>® 2008 767 Conventional 36 NR NR NR AECC
Morans! 2011 13 Conventional 28 NR NR NR AECC
Nuckton>2 2002 179 Conventional 30 NR NR NR AECC
Oczenski3 2004 30 Conventional 35 NR NR NR AECC
Osman>* 2009 145 Conventional 32 NR NR NR AECC
Papazian>> 2010 339 Conventional 31 NR NR NR AECC
Talmor>° 2008 61 Conventional 36 NR NR NR AECC
Terragni>’ 2007 30 Conventional 26 NR NR NR AECC
Thille38 2007 71 Conventional 35 NR NR NR AECC
Villagra> 2002 17 Conventional 33 NR NR NR AECC
Villare® 2007 170 Conventional 32 NR NR NR AECC
Walleto! 2013 14 Conventional 44 NR NR NR AECC

* Median = 33; maximum = 44; minimum = 26.

T Median = 15; maximum = 16; minimum = 11.

% Median = 0.5; maximum = 0.5; minimum = 0.5.
§ Median = 17; maximum = 19; minimum = 15.
C = compliance

Rjns = inspiratory resistance

RCgxp = expiratory time constant

Rgxp = expiratory resistance calculated from RCgxp and C
LSF = least-square fit method

AECC = American-European consensus conference
NR = not reported

spiratory system linked to realistic, general mechanical
ventilator settings and patient demographics. In creating
our recommendations, we necessarily must summarize and
simplify the data at hand. Hence, we have condensed the
information from the previous tables in Table 9. We have
also simplified it by rounding values to whole numbers for
convenience while maintaining the general magnitude of
the parameter within realistic ranges, as indicated by our
study and those of others. Obviously, we could have se-
lected other values, but these seem to be reasonable, within
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the specifications of available mechanical simulators, and
perhaps also fairly easily manufactured from scratch (eg,
rubber test lungs with variable resistance and compliance
settings or rigid walled lung models).®”

Our study is limited by the fact that it was conducted at
a single institution with a single mode of ventilation. To
the extent that a mode of ventilation and a particular style
of clinical management (including selection of optimum
PEEP levels) can influence the mechanical properties of
various populations of patients, our data are biased. How-
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Table 9  Standardized Parameters for Simulation of Mechanical
Ventilation in the Adult

ARDS
Parameters Normal COPD

All Mild  Moderate  Severe
Cgrar, mL/cm H,O 50 60 40 45 40 35
HH — Ry\g, cm H,O/L/s 10 20 10 10 10 10
HH — RC, s 0.50 1.20 0.35 0.45 0.35 0.25
HME — Ryys, cm H,O/L/s 15 25 15 15 15 15
HME — RC, s 0.75 1.50 0.53 0.68 0.53 0.38

Cgrar = static compliance

HH = heated humidifier

Rins = inspiratory resistance

HME = heat-and-moisture exchanger
RC = time constant

ever, the bias may be trivial, given the favorable compar-
ison of our median values with those of a vast number of
previous studies. Furthermore, our data are not intended to
be optimal or even benchmark values for actual patient
care. Another limitation is that all measurements were
performed in passively ventilated subjects. Respiratory me-
chanics variables (ie, resistance and compliance) are the
same in passively and actively breathing patients during
assisted ventilation, other factors being essentially equal
(eg, Vr and flow). The main problem with simulation of
the spontaneously breathing patient is the effort model
parameters (ie, P, waveform characteristics).

Conclusions

Effort model parameters are difficult to evaluate during
mechanical ventilation with the current technology, and
they have a lot of variability. However, having reasonable
values for passive mechanics (such as the results of our
study), future researchers may then impose any effort model
parameters they can imagine for the intended simulation
study. In conclusion, this study provides educators, re-
searchers, and manufacturers with a standard set of prac-
tical, evidence-based parameters for simulating the re-
spiratory system’s mechanical properties under passive
conditions.
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