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Abstract— Modelling the respiratory mechanics of mechanically
ventilated (MV) patients can provide useful information to
guide MV therapy. Two model-based methods were evaluated
based on data from three experimental acute respiratory
distress syndrome (ARDS) induced piglets and validated against
values available from ventilators. A single compartment lung
model with integral-based parameter identification was found
to be effective in capturing fundamental respiratory mechanics
during inspiration. The trends matched clinical expectation and
provided better resolution than clinically derived linear model
metrics. An expiration time constant model also captured the
same trend in respiratory elastance. However, the assumption
of constant resistance and a slightly higher fitting error results
in less insight than the single compartment model. Further
research is required to confirm its application in titrating to
optimal MV settings.

I. INTRODUCTION

Modelling the respiratory mechanics of mechanically
ventilated (MV) patients suffering from acute respiratory
distress syndrome (ARDS) potentially provides a non-
invasive method to obtain clinically and physiologically
useful information to guide MV therapy [1-4]. Clinicians
offer a supportive environment to ARDS patients by
applying positive end expiratory pressure (PEEP). It is
hypothesised that monitoring model-based respiratory
mechanics throughout treatment for an ARDS patient in real-
time will provide unique descriptions of the patient’s disease
progression, and response to MV [5-8].

Two model-based approaches are investigated on their
ability to capture the respiratory mechanics of experimental
ARDS subjects. One model uses only inspiration data and
the other only expiration data. The inspiration portion of the
breathing cycle can only be used if the subject/patient is fully
sedated. For spontaneously breathing (SB) subjects/patients,
oesophageal pressure measurements are required. However,
it is hypothesised that expiration is primarily or completely
passive, regardless of whether the subject/patient is sedated
or SB. Determining lung parameters for a SB subject/patient
without additional measuring tools will open up the clinical
applicability of a model-based approach to guiding MV.
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II. METHODS

A. Inspiration: Single Compartment Lung Model

During controlled positive pressure ventilation, the most
commonly used model in clinical practice is the single
compartment linear lung model [9]:

Paw(t)=Rrst(t)+ErsxV(t)+P0 (1)

where P, is the airway pressure, ¢ is time, R, is the
conducting airway resistance, Q is the air flow, E, is the
elastic property of the lung, V is the lung volume and Py is
the offset pressure [10]. The integral-based method [11] is
used to estimate values of E,;p (elastance) and R,z
(resistance) that best fit Equation 1. Integral-based parameter
identification is similar to multiple linear regression where
using integrals increases robustness to noise [11, 12]:
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The application of this model is limited to fully sedated
subjects/patients dependant on MV. SB subjects/patients
have individual breathing efforts aside from ventilator
support, altering the respiratory mechanics [13, 14].

B. Expiration: Time Constant Model

Expiration is effectively the passive (ventilator applied
pressure = P, = PEEP) unloading of a capacitor over a
resistance. Thus, some of the energy provided by the
ventilator during inspiration is stored in the form of elastic
extension of the lung and chest wall, and is unloaded via the
bronchial and tube resistance [15, 16]. The system time
constant, 7 in expiratory flow data is hypothesised to capture
the subject’s/patient’s disease state. Thus, in expiration,
Equation 1 becomes:

PEEP =R, xQ(1)+E, x| Q(p)dp+PEEP  (3)

Differentiating Equation 3 yields:

40

dt

0=R

rs

+E, xQ(1) “4)

Dividing Equation 4 by the resistance, R, yields:

dQ(t)
dt
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Solving this differential equation yields:

0(1) =0y " (6)

where Q,,,, is the value of maximum expiratory flow. As the
lung becomes stiffer due to ARDS, the value of 7 is expected
to decrease where v = I/K = R,/E,,.. If the resistance is
assumed constant [12], then K is directly proportional to E,;.
K is determined during expiration and may be used to
capture ARDS disease progression in both SB and sedated
subjects/patients assuming the expiration process is similar.

C. Experimental Data

Three experimental ARDS piglets were ventilated using
Engstrom CareStation ventilators (Datex, General Electric
Healthcare, Finland) with a volume controlled, square flow
profile. The subjects underwent two experimental phases.
Phase 1 was a progression from a healthy sedated state to an
oleic acid induced ARDS state at a constant PEEP of 5
cmH,0. Phase 2 was a staircase recruitment maneuver after
the subject was diagnosed with ARDS.

D. Validation

The estimated parameters from the models are compared
with conventional clinically derived metrics of respiratory
mechanics. The Engstrom CareStation ventilator (Datex,
General Electric Healthcare, Finland) automates a short end-
inspiratory pause (EIP) during controlled MV [17-19]. The
zero-flow phase during EIP omits the resistance component
in Equation 1. The resulting pressure after EIP (plateau
pressure, P,,) can be used to estimate static ventilation
elastance, E,,;. [20]. Equally, the pressure difference
between peak pressure (PIP) and P,, can be used to
calculate airway resistance, Ryic-

Eslalic = (Pplal - PEEP) / ‘/l (7)
Rxlalic = (PIP - Pplal) /Q (8)

Both E;. and Ry, can be derived directly from modern
ventilators with an automated EIP feature. This feature
allows model-based estimates of E, s, R,z and K to be
compared with E,,;. and Ryic.

III. RESULTS AND DISCUSSION

A. Fitting Errors

The model-based methods estimate values of E,.;; and
R, for inspiration data and values of K for expiration data.
Median and inter-quartile (IQR) absolute percentage fitting
errors relative to recorded data are reported in Table 1 for
one representative subject. Overall, the single compartment
model had a lower fitting error than the time constant model
over both phases. However, both models were able to
identify the trends and fundamental changes in respiratory
mechanics as determined by the EIP method. All model
errors were within likely measurement errors of 3-10%.

TABLE L MODEL FITTING ERRORS FOR EACH METHOD

Absolute Percentage Fitting Error
Model (Median [IQR]) [%]
Phase 1 Phase 2 Overall
Single Compartment 2.12 2.58 2.14
Lung Model [0.98-4.30] [1.21-4.45] [0.99-4.31]
. 3.96 2.99 3.92
Time Constant Model | 1} 90 s 861 | [1.40-5.03] | [1.87-6.79]

B. Disease Progression — Phase 1

Disease progression was captured in this study by tracking
calculated model parameters. After oleic acid injection, it
was found that both the respiratory elastance and system time
constant follow the same trend. Both parameters show a slow
and then rapid change as ARDS develops as shown in Figure
1 for one representative subject. It is observed that E,
increases with time, suggesting that the lung becomes stiffer
as ARDS develops in the subject [21]. A similar trend was
found when monitoring K during phase 1. Thus, K is an
alternative parameter that captures the subject’s disease state
progression.

C. Recruitment Maneuver — Phase 2

PEEP induced recruitment is time dependant where
increased values of E,, and K are observed at the start of
every PEEP increase. As the breathing pattern stabilises,
respiratory elastance slowly decreases to a specific minimum
at that PEEP level as shown in Figure 2 for one
representative subject. Decrease of elastance over time to a
specific minimal can be described by recruitment and/or the
lung’s viscoelastic properties, which cause hysteresis [22,
23].

D. Comparing Models and PEEP Titration

It was found that decreasing PEEP titration resulted in
lower overall E,, and K compared to increasing PEEP
titration, as shown in Figure 2. When PEEP is increased to a
higher level (at 20 cmH,0), recruitment, as well as potential
lung overstretching occurs. However, after PEEP is reduced,
the lung remains more compliant, which is an expected
response from such a maneuver. During PEEP titration E,
and K drop to an overall minimum at a PEEP of 15 cmH,0.
Setting PEEP at minimum elastance theoretically benefits
ventilation by maximising recruitment, reducing work of
breathing and avoiding overdistension [5, 7, 8§, 24]. Both
models show this trend and so could potentially aid in
guiding MV therapy.

Recruitment is a function of PEEP and time [25, 26].
Therefore, the true minimal E,, and K can be determined
after a stabilisation period is provided at each PEEP level.
This study found that minimum E,; and K occur at a similar
PEEP in both increasing and decreasing PEEP titration.
Thus, the authors hypothesise that PEEP can be titrated to a
minimum E,; and K either way. These results provide first
insight into how the models can be used to capture relevant
dynamics and subsequently guide decision making.
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Figure 1. Respiratory system mechanics monitoring for a representative subject during Phase 1, ARDS progression. Note that values of K have been scaled
for clarity and serve as an indication of trend comparison.
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Figure 2. Respiratory system mechanics monitoring for a representative subject during Phase 2, ARDS recruitment maneuver. Note that values of K have
been scaled for clarity and serve as an indication of trend comparison.

The single compartment lung model is limited to
subjects/patients who are fully sedated and dependant on

V [13]. However, the method presented is still viable for a
large portion of the most ill and costly MV patients. This
method also gives more insight into the respiratory
mechanics than the time constant model which lumps the
respiratory resistance and elastance into one parameter, K.
However, the values of R,, and Rj,,;. were shown to remain
relatively constant throughout both phases resulting in the
similar trend observed between respiratory elastance and K.

E. Limitations

The finite pause at the end of inspiration enables a zero-
flow phase that prolongs inspiration. The prolonged
inspiration time allows the inspired tidal volume to distribute

evenly in the lung and results in improved alveolar
ventilation [18, 19, 27-29]. This mode of ventilation is not
normally available in many ventilators and may be erroneous
when the automated end inspiratory pause is too short and
does not allow peak pressure to drop to the true plateau
pressure [30].

Pathogenesis of ARDS animal models are more consistent
where the methods of developing ARDS is known and
controlled. ICU patients, in contrast, are more variable as the
causes of disease are different with greater inter-patient
variability in response to treatment. Thus, the application of
these two models for respiratory mechanics monitoring in
human patients warrants investigation.
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IV. CONCLUSION

Respiratory system mechanics vary with disease state
development and in response to MV settings. A single
compartment lung model with integral-based parameter
identification was effective in capturing fundamental
respiratory mechanics. Trends matched clinical expectation
and provided better resolution than clinically derived linear
metrics demonstrating robustness and potential for guiding
MV therapy. An expiration time constant model also
captured the same trend in respiratory elastance. However,
the assumption of constant resistance and a slightly higher
fitting error leads to less insight than that provided by the
single compartment model. Further research is required to
confirm its use in actual ARDS patients. Both methods were
able to capture respiratory mechanics similar to modern
ventilators, thus further validating the model-based findings
and its application to titrate care.
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