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Abstract To assess the impact of the endotracheal tube
(ETT) and of different flow waveforms on estimates of
alveolar cyclic recruitment (CR) and overdistension (AO).
Numerical simulation of the respiratory system plus ETT
(inertance L plus a flow-dependent resistance, K; and K5),
with the following non-linear equation of motion

Paw(t) = ((Ki+ K- [V(1)]) - V(1) + L- V(1)
+Rrs - V(t) + (Ey + Ey - V(1) - V(t) + Py

(Paw pressure at the airways opening, V volume), under
volume-controlled mechanical ventilation. An index
%E, = 100-(E>-V1)/(E; + E»-V1) can be calculated where
Y%E, > 30% represents AO and %E, < 0% represents CR.
Parameters were estimated by the least-squares method,
either with the complete equation or supressing L, K, or
both. %E, is always underestimated (down to —152 percent
points) with incomplete equations of motion. The estima-
tion of %E, may be strongly biased in the presence of an
ETT excluded from the estimation model.

Keywords Respiratory mechanics -
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CR Cyclic recruitment

E, Linear elastance

E,V Volume-dependent elastance

YE, Contribution of the  volume-dependent
elastance to the total elastance

ETT Endotracheal tube

K; Linear resistance of the ETT

K>|V(t)| Flow-dependent resistance of the ETT

L Inertance

Py Airways pressure when volume and respective
derivatives are zero

Paw Pressure at the airways opening

Pel Elastic component of the airways pressure

Pel-V Elastic pressure—volume relationship

PEEP Positive end-expiratory pressure

Pinf Mathematical inflection point of the Pel-V
curve

Pmcd Point of maximal decrease of compliance

Pmci Point of maximal increase of compliance

Rrs Resistance of the respiratory system

RS Respiratory system

VCV Volume-controlled ventilation

Vr Tidal volume

V(t) Volume

V(t) Flow

V(t) Time-derivative of the flow

1 Introduction

The mathematical modeling of the mechanical properties
of the respiratory system (RS) constitutes a valuable tool to
monitor RS disorders. In the last years, extensions of the
classical resistance-plus-elastance model of the RS have
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been proposed to describe changes in the shape of the
elastic component of the airway pressure versus volume
curve (Pel-V) during mechanical ventilation. These chan-
ges have been associated with tidal alveolar overdistension
(AO, characterized by an upward concavity in Pel-V) and
cyclic (or tidal) recruitment (CR, reflected as a downward
concavity in Pel-V). Ranieri et al. [10] showed that
avoiding AO and CR during volume-controlled mandatory
ventilation (VCV) with constant inspiratory flow, achieved
by keeping the time course of airway pressure (Paw)
during inspiration close to a straight line, reduced the lung
mechanical stress and inflammation and probably consti-
tutes a protective ventilatory approach.

Also seeking to identify AO, Kano et al. [7] proposed
the use of a non-linear unicompartmental model to fit the
respiratory mechanics, in which the elastance has a vol-
ume-independent and a volume-dependent term. Those
authors suggested that an index derived from this model
could detect AO by quantifying the weight of the non-
linearity of the Pel in patients under VCV. Bersten [1],
using the same model, showed that AO was a common
finding in patients with acute lung injury (ALI) and that
this model may be useful to guide the mechanical venti-
lator settings. Edibam et al. [3], in their turn, found that the
flow pattern and respiratory timings of the mechanical
ventilation influenced the estimates of the volume-depen-
dent model, in ALI patients in either pressure-controlled or
VCV, further supporting the use of such a model to assess
the status of the respiratory system in disease conditions.

Nevertheless, the numerical computational estimation of
mechanical model parameters may be susceptible to vari-
ous sources of errors. Sullivan et al. [12] demonstrated that
the estimates of elastance and resistance of the classical
unicompartmental mechanical model can be distorted if the
inertance and flow-dependent resistance of the endotra-
cheal tube (ETT) are not included in the fitted model. This
and other studies, applied to different areas of physiology
such as cardiovascular mechanics (Spaan [11]) indicate
that neglecting the non-linearities present in the resistive
component may considerably bias the elastic estimates.

However, to clinically evaluate the ability of the index
proposed by Kano et al. [7] to effectively indicate AO as
well as CR, its sources of biases must be known and
compensated for, in order to avoid misdirecting ventilatory
settings by erroneous interpretations of the patient’s status
and of the effects of ventilatory strategies. In view of the
potential bias generated in elastance estimates by the
presence of an inertive and non-linearly resistive ETT, this
work aims to assess, through numerical simulation, the
impact of neglecting the ETT characteristics and also the
effects of different flow waveforms on parameter estimates
of the RS mechanics, particularly on Kano’s index applied
to detect AO and CR.
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2 Materials and methods
2.1 Model

The numerically simulated model features a linear resis-
tance, representing the resistive behavior of the RS (Rrs,
set to 5 cmHzo.s.Lfl), in series with a linear (K;) plus a
flow-dependent (K,) resistance and an inertance (L), to
model the characteristics of the ETT. Three value sets for
K, K, and L, as given by Sullivan et al. [12], corre-
sponding to ETTs with internal diameters of 6, 7 and 8 mm
were used.

The elastic component of the RS was modeled as in
Eq. 1

Pel(V(1)) = (E1 + Ex - V(1)) - V(1) (1)

where V(t) is the time course of the tidal volume, E; is the
volume-independent elastic term and (E,.V(t)) is the
volume-dependent term. The elastic pressure fitted a
quasi-static Pel-V curve obtained from a patient with
acute respiratory distress syndrome (ARDS) [5]. In brief,
the expiratory limb of the Pel-V curve of the patient was
non-linearly fitted by the Levenberg-Marquardt algorithm
[5] to the sigmoidal model proposed by Venegas et al. [14]:

V(Pely) =a+

b
()1 @)

14+e 7

where Pel is the elastic pressure, V is the expiratory volume
and a, b, ¢, and d are the coefficients to be adjusted. From
these parameters, three fiducial points of the curve were
obtained, the points of maximal increase/decrease of com-
pliance (respectively, Pmci and Pmcd) and the mathematical
inflection point (Pinf) [5]. Then, three pressure—volume
point sets were calculated around each of the fiducial points
of the fitted curve, spanning 0.6 1 with increments of 1 ml.
Finally, three pairs of E| and E, were obtained by fitting
second-degree polynomials to each of the point sets. Each set
of E| and E, corresponds to regions of the Pel-V curve which,
according to Kano et al. [7] and Bersten [1], suggest
recruitment (%E, < 0), a linear behavior (%E, ~ 0), and
overdistension (%E, > 30%) (see Fig. 1).

The equation of motion employed to simulate the
complete model is:

Paw(t) = ((Ki+Kx- |[V(1)]) - V() +L- V(1))

+Rrs - V(1) + (Ey + E2 - V(1)) - V(1) + Po G)

where Paw(?) is the pressure measured at the airways
opening at time ¢, V(t) is flow, V(t) is volume and Py is the
airways pressure when volume and respective derivatives
are zero.
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Fig. 1 Measured data points (open circles) and fitted sigmoidal curve
(thin line) of the descendent Pel-V limb obtained from the patient.
The thick segments represent the volume excursions that drove the
model to render the different sets of £, and E,. Paw is the pressure at
the airways opening

The ventilator was modeled as a flow source during
inspiration and a pressure source (0 cmH,0O) during expi-
ration, with its tubing modeled as a linear resistor
(2 emH,0.s.L 7Y, plus a compliance (2 ml cmH,0™")
representing the circuit’s compressible volume. The ven-
tilator was simulated in VCV with either constant or
descendent inspiratory flow, at a respiratory rate of ten
breaths per minute and Py was set to zero. The expiratory
time was set to 4.5 s, sufficient to allow for complete
expiration in every condition. The tidal volumes provided
by the ventilator were adjusted in order to compensate the
loss due to the tubing’s compressible volume. Hence, the
effective volume delivered to the RS was kept constant at
0.6 I in every case, with errors below 1 ml.

The simulations were performed in Simulink (Math-
Works, USA) at a fixed rate of 1,000 samples per second,
with the ODES algorithm. Four cycles were simulated in
each condition. The trapezoidal integration of the simu-
lated flow from each respiratory cycle rendered the volume
signal.

2.2 Parameter estimation

In each condition, the mechanical parameters were esti-
mated by the least-squares method from the third simulated
cycle, to avoid transient effects. In addition to estimating
the parameters with the complete model as in Eq. 3
(Model 0), three other sets of estimates for each simulation
were calculated, removing from Model 0, respectively, the

-

Fig. 2 Residuals between the

g %E2:100<

components
(Model 3).

Kano’s index was calculated from all simulated sets
according to Eq. 4:

K>, (Model 1), L (Model 2) and both

Ey-Vr

=R (4)
E\+E, Vr

3 Results

The Pel-V curve employed in this work is shown in Fig. 1.
The data points and the fitted sigmoidal curve are displayed,
as well as the recruitment, linear and overdistension regions.
Figure 2 depicts the fitting residuals for Models 0 and 3 for
the case with an ETT of 7 mm and square flow waveform.

Table 1 shows the estimates of %E, for each simulation
with different ETT diameters and flow waveforms. Note
that %E, was always underestimated with Models 1-3, and
that the underestimation tends to increase with the reduc-
tion in the ETT size. Note also that Model 3 always
presents the highest bias, irrespective of flow waveform,
ETT size or region of Pel-V curve.

It is also noteworthy that, whereas Model O is, as
expected, practically insensitive to any change in simula-
tion conditions, Model 3 is clearly the most sensitive to
changing from square to descendent waveform, and this
sensitivity seems to be importantly dependent on the ETT
size. Notwithstanding the presence of bias in every con-
dition, the other two models seem to behave somewhat
erratically as to the effects of changing the conditions. This
is especially true with Model 2 and descending waveform:
in this case, ETT of 7 mm always presented the largest
bias.

Further processing of the signal to simulate more real-
istic experimental conditions were performed by filtering
the signals with a 4th-order lowpass Butterworth filter with
cutoff frequency 33 Hz and downsampling the filtered
signal to 200 Hz. The resulting estimates, however, did not
differ significantly from those obtained from the original
signals.

1
. . Rec, R’ Model 0 =0.999 Lin - H Over
simulated and estimated Paw on 5 R Model 3 = 0.992 :: Modal 0 = 0.999 E R Model = 0,999
the estimates with the Model 0 - 05 E 0.5 0.5} & H R'Model3=099
. . .
(thin line) and the Model 3 5 HEN H i
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Table 1 Calculated %E, with different ETT, flow waveforms and estimation models

ETT (6 mm)

ETT (7 mm)

ETT (8 mm)

Simulated %E,

Simulated %E,

Simulated %E,

Rec Lin Over Rec Lin Over Rec Lin Over

Flow waveform Estimation models -30.4 4.7 38.3 -30.4 4.7 38.3 -30.4 4.7 38.3
Square Model 0 -30.2 4.9 38.3 -30.2 4.9 38.3 -30.2 4.8 38.3
Model 1 -61.0 -26.9 10.8 -48.4 -14.9 224 -42.6 -8.9 27.6

Model 2 —47.1 -15.7 24.8 —46.6 -14.2 26.7 —44 .4 -10.7 28.7

Model 3 -714 -36.2 4.15 -59.7 -24.9 15.1 -53.1 -18.1 20.8

Descendent Model 0 -30.3 4.7 38.2 -30.3 4.7 38.3 -30.3 4.7 38.3
Model 1 -117.6 -90.4 -21.6 -67.9 -39.7 12.1 -50.6 -21.3 23.9

Model 2 -40.3 -0.9 30.8 —42.7 -3.8 29.6 -40.7 —4.5 31.7

Model 3 -121.7 -93.8 -23.8 -72.9 —43.1 9.4 -54.9 -24.5 21.2

4 Discussion

The estimation of lung stress from respiratory mechanics
may be useful in reducing lung inflammation, as shown by
Ranieri et al. [10]. The volume-dependent elastance model
constitutes therefore a potential bedside monitor for lung
stress, helping to titrate PEEP [1] and thus replacing
demanding methods such as the quasistatic Pel-V curve
[9]; moreover, it may be employed with any flow wave-
forms, differently from the stress index employed by
Ranieri et al. [10].

Nevertheless, the present results suggest that the %E,
index may be rather sensitive to the ventilatory set-up and
showed that the assumption of negligible inertance and
non-linear resistive component may strongly influence the
estimation of %FE,. The data in Table 1 indicate that the
estimated Pel-V concavity is biased downwards in these
cases, which may result in an erroneous interpretation of
the status of the respiratory mechanics. On the other hand,
the technique proposed by Ranieri et al. [10] may be less
sensitive to the presence of either an inertance or a non-
linear resistance, provided that the stress index is calcu-
lated in a rather constant flow interval.

In accordance with Sullivan et al. [12], who pointed out
the influence in the estimates of elastance if the inertance
and the flow-dependent resistance of the endotracheal tube
(ETT) were not considered, Lanteri et al. [8] showed that
omitting the inertance term in a volume-dependent model
model of elastance causes important effects on parameter
estimates in mechanically ventilated puppies. In addition,
regarding the signal processing, Jandre et al. [6] showed
that interchannel sampling delays and heterogeneous fil-
tering of the signals used in the estimation of the
parameters of ventilatory mechanics may cause consider-
able bias in the estimates of the volume-dependent model

[6].

@ Springer

The interactions between ETT characteristics and the
flow waveforms may be the origin of the bias in %E,. As
the peak inspiratory flow increases, so does the flow-
dependent component of resistance; as the derivatives of
flow grow larger, the inertial effects also increase. It seems
as though these two effects take part in biasing %E,.
Higher values of K, and inertance, with the reduction of the
ETT size, magnify the bias of %E,, more prominently
under descendent flow waveform, in which both the peak
flow and the flow derivative are higher. However, possibly
due to the complicated dynamics generated by the inter-
actions between the elements of the model, less intuitive
results also appear, as observed with Model 2 and
descendent flow waveform.

The present results lead to the conjecture that, at least in
part, previous findings, for instance those of Edibam et al.
[3], could be explained by estimation artifacts similar to the
ones shown in the present study, besides possible true
changes in the underlying mechanics of the RS. Those
authors reported that the %FE, estimated during pressure-
controlled ventilation was significantly lower than that
estimated during square flow VCV, although no difference
in hyperinflated areas were found, as assessed by computed
tomography. In the present study, the descendent flow
waveform in VCV approaches that of pressure-controlled
ventilation and further supports the conjecture.

Our results are paralleled by experimental findings,
besides those of Sullivan et al. [12] and Lanteri et al. [8].
Some authors have shown that the estimated elastance may
be flow- and volume-dependent [4, 13]. These entangled
effects were pointed out by Dries and Marini [2] as one of
the causes of the elusiveness of the “best PEEP” as a target
to be pursued. The question arises whether these depen-
dencies have come from true changes in elastic properties
or from estimation artifacts, such as shown here. In the
present study, the concept of avoidance of AO or CR, as
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identified by %E,, by changes in ventilatory settings
(lowering the tidal volume or PEEP), is hindered by the
resulting estimation artifacts, therefore blunting the efforts
in seeking for a “best PEEP” defined by the estimated
mechanical properties of the lungs, such as suggested by
Ranieri et al. [10]. In taking %E, as a guide to set
mechanical ventilation, the kind of error reported here may
encourage the therapist to apply higher levels of PEEP,
higher volumes, or even to perform a recruitment maneuver
in order to achieve the linear concavity of the dynamic
Pel-V. The use of more complete models, however, may
require enhanced attention to reduce estimation bias that
may induce misinterpretations and potentially harmful
ventilatory settings [6]. These effects may have particularly
important implications in the study of pediatric respiratory
mechanics, for instance, in which higher respiratory rates
involve further increase in inertial pressures [8].

A limitation of this study lies in that the Pel-V data used
in the simulation comes from a quasi-static inflation
maneuver in a patient. Notwithstanding previous experi-
mental findings, that show good agreement between the
quasistatic and dynamic Pel-V estimated by non-linear
elastic models [9], quasistatic curves are only partially
representative of the dynamic Pel-V behavior of the lung of
an injured patient during mechanical ventilation. Optimal
ventilation of the injured lung is presumably a matter of
minimizing the tissue stresses generated, regardless of the
origin, and these stresses are best reflected in the nature of
the dynamic Pel-V relationship. Nevertheless, this work
intends to test the hypothesis that a known, fixed %E,
parameter, that remains independent of all other parameters
and ventilatory settings, is differently estimated due to the
chosen model. In any circumstance, it is interesting to have
unbiased parameter estimation, in the interest of robustness
and comparability, for instance when comparing among
individuals or across different set-ups for the same
individual.

In conclusion, the present work supports the knowledge
that comparing estimates of mechanical properties under
different ventilatory settings or employing different ETTs
may be impaired by resulting biases; consequently, dif-
ferences between individuals or groups may be concealed
or artificially generated, impacting the interpretation of the
results of a study and comparisons between studies. The
evidences that ventilatory set-up may affect the estimates
of the elastic characteristics of the respiratory system even
in the absence of true changes, effect that is enhanced by
model incompleteness, shall guide efforts around the
instrumentation, modeling and algorithms employed in the
analysis of the respiratory system mechanics. Further
studies seeking to assess the clinical significance of the

%E, shall be aware of this potential source of bias to this
index. The present study stresses the recommendations for
keeping similar ventilatory conditions in experiments
involving estimation of parameters of the respiratory
mechanics, and for checking for possible non-linearities
and higher order dynamics that should be included in the
model employed in data analysis.
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