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Abstract: We study the physical parameters respon-
sible for edema formation in a rabbit lung due to im-
pact load. For simulation we use the model of shock
wave propagation developed in [1], where pulmonary
parenchyma is presented as continuum homogeneous
medium with absorption and distortion. Three types
of biomechanically reasonable criteria are introduced
to analyze primary blast lung injury. We focuse on
calculation of spatial averages over temporal max-
ima/minima values of the following stress wave pa-
rameters: pressures, gradients of pressure, stresses in
the structural elements, their gradients — for rigid
and free boundary conditions. Average overpressure
and underpressure explain edema formation in a rab-
bit lung in the best way. However, the role of under-
pressure can be eliminated by increase of parenchyma
viscosity which is not well-defined. Experimental data
can be explained in terms of different types of criteria.
But to make unambiguous choice of physical parame-
ter one needs experiments with variety of shock wave
amplitudes, durations and boundary conditions.

Introduction

A few types of lung injury: hemorrhage, rapture of
parenchyma and edema occur after blast. Most authors
from different groups conlude that stress wave propaga-
tion in the lung is the main process involved in the injury.
However, to understand the mechanism of lung trauma
one needs physical parameter i.e. criterion responsible
for its formation due to impact load. Nowadays there is
no unique view on this problem and reserchers propose
different injury criteria as one or another parameter of
the stress wave or movement of the chest wall associated
with lung injury. These parameters include:

e the maximal deformation velocity of the chest
wall [2],

e the maximum product of local deformation velocity
of the chest wall and its relative deformation (the pa-
rameter viscous response) [3],

e peak acceleration of the thoracic wall [4],

e tensile stresses or strains in the alveolar walls [5, 6],

e pressure gradient in pulmonary parenchyma [7, 8],
e and others.

Considering proposed mechanisms and criteria we should
make a few notes:

(1) In all these suggestions, the basic item is the
idea of destructive effect of deformation wave in
parenchyma. The specified criteria (i.e. wave param-
eters responsible) for hemorrhage, edema and rupture
are not determined yet. One can suppose that dif-
ferent injuries are caused by different physical wave
parameters (deformations, stresses, velocity, released
energy or their combination).

(2) Some criteria refer to chest wall deformation rather
than to deformation wave in parenchyma. This is be-
cause there are techniques to measure chest wall de-
formation but there is no one to measure the defor-
mation wave in parenchyma.

(3) Until now no paper could demonstrate an injury cri-
terion without ambiguity.

(4) Three space-time types of criteria are reasonable. We
consider these types of criteria on an example of one
kind of injury — edema, also the same types of crite-
ria are reasonable for other injuries.

(a) An injury is associated with a maximal value
of a parameter reached in any point of the lung
parenchyma at any moment of the wave propaga-
tion; i.e. a general lung injury is proportional or
linearly proportional to a maximal local value of
the parameter. This type of criteria can be valid if
an injury of the whole lung is initiated by a max-
imal local damage such as local holes in alveolar
walls. In this context term “local” means dimen-
sions much less then the wavelength. As soon
as we consider short pulses ~ 0.3 ms, for wave
speed ~ 20 m/s a wavelength is about 0.6 cm.

(b) An injury is associated with an integral of max-
imal values of a parameter reached in all the
points of the lung parenchyma at any moment
of the time. It happens if a local edema after
blast is produced by a fluid leakage through a
local microscopic holes emerged at the moment
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of time when maximal value of parameter is
reached. The total injury of the lung (for ex-
ample — a rate of edema formation in lung)
should be characterized by an integral of this
maximal value of parameter over the volume of
pulmonary parenchyma.

(c) An injury is associated with a space-time in-
tegral of a parameter in all points of the lung
parenchyma at all moments of the wave prop-
agation. In fact, this type of criterion was con-
sidered by [9], who offered the energy criterion:
an injury is associated with mechanical energy
dissipation in the lung. The energy is an integral
of the local dissipated power over time and lung
volume. Other mechanisms can lead to this type
of criterion. For example, if local microscopic
holes are produced by a prolonged process of
stretching of alveolar walls above a threshold,
then the total injury of the lung should be char-
acterized by an integral of stress/strain over time
above threshold and over the volume of pul-
monary parenchyma.

(5) One can consider different types of criteria that are
based on the same parameter of deformation wave
in pulmonary parenchyma and the same kind of in-
jury. Relationship between criteria of types (a) and
(b) depends upon a distribution of the parameter in
the lung. If the mean value of parameter in the lung
is proportional to its maximal value, then both types
of criteria are equivalent for this parameter.

The purpose of our work is: 1) to study correlations
between different physical wave parameters and one kind
of lung injury — edema in terms of type (b) criteria; 2) to
compare results with criteria of type (a) that we analyzed
in [1].

Methods

In the present study we use the model developed
in [1]. This model is based on the presentation of lung
parenchyma as foam-like four-phases continuum and ho-
mogeneous medium [10]. The constitutive equations of
mass and impulse balance may be linearized for weak
blast waves when Py < 50 kPa, T < 10 ms, where Py is
a peak pressure amplitude, 27 is duration of a triangu-
lar pulse [1]. To satisfy the condition of continuity, one
should consider pulses with 7 > 0.1 ms. At T ~ 0.1 ms
one may regard pulmomonary parenchyma both as con-
tinuum and as layered medium.

Assuming one-dimensional model we get equation
for time evolution of the displacement u:

d’u du 1\ %u an\ Ju
= [K+—+— | =— — .
P ( +3+5)ax2+<5+3)axzat o
where K, it are bulk compression and shear modules; 17, &

are shear and bulk coefficients of parenchymal viscos-
ity; B is compressibility of parenchyma. Thus our model

takes into consideration absorption and distortion of the
wave profile governed by model parameters.

The front surface x = 0 is subjected to the triangular
pulse with peak pressure amplitude Py and duration 27.

[t 0<r<r,
o _,=-Plt)=—24 2t-1, t<1<21, (2
0, t>21.

The rear surface of the lung x = L has two types of bound-
ary conditions:

=0, contact with absolutely rigid body; (3)

G|x:L =0, free surface. (4)

The detailed solution of equation (1) with boudary
conditions (2) and (3) is presented in [1]. In the next sec-
tion we use its analytical form to calculate stresses and
strains in the lung for two types of boundary conditions.

For our simulations we choose lung length L = 5 cm,
density p = 0.25 g/cm®. The model parameters K = 74 -
103 g/(cm s?) and . = 6.2 - 10° g/(cm s?) are taken from
the work [11] with transpulmonary pressure Py, = 1 kPa
like in considered experiments. The coefficient of viscos-
ity (& +4n/3) ~ 400 — 8000 g/(cm s) at a frequency

~ 100 Hz and ~ 40— 800 g/(cm s) at a frequency
~ 1000 Hz was assessed in the work [12]. They supposed
that viscosity of pulmonary parenchyma times frequency
is approximately constant as for some other soft tissues.

Results

Computer simulations were based on the set of exper-
imental data presented by Yen et al. [6], where the rate of
edema formation due to impact load was studied. In these
experiments the excised rabbit lung was supported on a
nylon screen (i. e. soft cloth) or on a rigid plate. The shock
wave in the form of a triangular pulse with amplitude
20 kPa and duration 0.34 ms results in increase of lung
weight by 40 % in the case of a freely supported lung, but
it was more than 120 % in the case of a rigidly supported
lung it was more than 120 %. The pressure distribution
calculated from analytical equations is presented in fig-
ure 1 for two types of boundary conditions.

In figurel (a) the maximum underpressure (black
color) and significant overpressure (white color) are
reached on the surface of contact with a rigid plate
L =5 cm. While for free lungs (figure 1 (b)) the max-
imum and minimum pressures are located inside the
lung parenchyma (dark and light ovals). If one accepts
a hypothesis of lung trauma due to the tensile wave [5]
then this result reveals different injury localizations for
rigid and free boundary conditions.

The main goal of this study was to identify the phys-
ical wave parameter that is responsible for edema, in
terms of criteria of (a) and (b) types (see introduction).
It means that there should be the same dependencies be-
tween the value of physical criterionparameter and the
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Figure 1: Pressure contour map for free and rigid rear
surfaces while impact load with Py = 20 kPa and dura-
tion 0.34 ms. Values of pressure more than (a) 5 kPa and
(b) 4 kPa are mapped with white color. The level step in
color change is 0.5 kPa.

increase of lung mass for both types of boundary condi-
tions. We have previously [1] considered the following
wave parameters in terms of criteria of type (a): pressure
in the medium P, strains du/dx, velocity du/dt, stresses
in structural elements o, energy dissipation, viscous cri-
terion du/dr - du/dx. It was shown that maximum under-
pressure could be considered as a physical parameter for
edema formation in terms of type (a).

This result is closely related to a hypothesis of the
mechanism for lung trauma [5]. According to this hypoth-
esis the tensile wave passes after the compression wave.
It induces a considerable stretching of alveolar walls, that
leads to an increase of permeability of alveolar epithe-
lium and even to its rupture. During compression wave
propagation the small airways close and gas is trapped
in alveoli. Then tensile wave passes and the airway re-
opening occurs with greater pressures than airway clos-
ing. There are two differences between our results and
this hypothesis.
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Figure 2: Studied wave parameters

(1) We observed that underpressure in the parenchyma
forms a better criterion than tensile stress in structural
elements of parenchyma (i.e. alveolar walls). Under-
pressure includes a drop in gas pressure and tensile
stress.

(2) Underpressure forms a criterion even without a
greater reopening pressures.

Based on our previous work [1] we suppose that stress
wave plays more significant role in edema formation
than strain wave. Here we are interested only in stresses
and their gradients in pulmonary parenchyma. Eight non-
scattered data points with shock wave pressure amplitude
Py = 15-23 kPa for rigidly and freely supported lungs
were chosen [6, 1]. Our assessments show that the linear
model well describes stress waves of such amplitudes.

The response of lung to each impact load is analyzed
in terms of criteria of type (b) for different wave parame-
ters. The results are presented in figure 2. It turns out, that
for two upper sketches: spatial averages over temporal
maxima values of overpressure and underpressure, the
curves for rigidly and freely supported lungs coincide
well, i.e. can be presented by one smooth curve. In this
case the dependence is linear, however it is not necessary
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condition. We can conclude that two wave parameters
average overpressure and underpressure can describe
edema formation in terms of criteria (b) and our model.

We consider dynamics of rabbit lungs during 8 ms
(507). For this time pressure and volume relaxation oc-
cur and no processes with long time relaxation remain.
Therefore, we assume that high frequency harmonics
in the spectrum of triangular pulse contribute more to
the lung dynamics as well as for edema formation. The
main frequency band in experiments [6] and simulation
is about 1000-3000 Hz. According to mentioned assess-
ments [12] and assuming the inverse frequency depen-
dence of viscosity, (§ 4+ 41/3) ~ 20-400 g/(cm s) at
2000 Hz. For our calculations in figure2 we’ve chosen
the mean value of viscosity (§ +41/3) =190 g/(cm s).

According to our simulations the variation of viscos-
ity term (& +4n/3) can drastically change the situation
in choice of good criteria for edema formation. Shear vis-
cosity 11 was measured only for low-frequency oscilla-
tions, bulk viscosity & was not measure at all and this is
very sketchy parameter. For (€ +4n/3) > 500 g/(cm s)
and (§ +4n/3) < 150 g/(cm s) the curves for underpres-
sure show a big discrepancy for criterion of type (b). The
criterion of type (a) is less sensitive to choice of (& +
4n/3), but for (€ +4n/3) > 500 g/(cm s) there is no un-
derpressure due to the strong attenuation of the wave and
one needs another parameter to explain edema formation.

For our simulation we’ve chosen non-scattered part
of experimental data. In order to explain data scattering
of the experiment [6] in terms of considered criteria, we
supposed that such irregularity is induced by physiologi-
cal variety of rabbit lungs. We analyze the optional influ-
ence of variation in lung length and lung density on the
values of considered parameters.

The 20 % increase in lung length leads to 10 % reduc-
tion in spatial average over temporal maxima underpres-
sure and overpressure. The 20 % density increase leads to
8 % decrease in edema formation if spatial average over
temporal minima of pressure in structural element is cho-
sen as a criterion responsible for edema.

Discussion

There is a principle opportunity to differ strain and
stress in a criterion of lung trauma because a lung does
not obey Hook’s law. Stress and strain are not related in
a unique way. Due to viscosity of the lung parenchyma
an increase of the pressure Py and a decrease of 7 in a
triangular pressure pulse will increase stress amplitude,
but may keep strain amplitude unchanged. If an experi-
mental score of injury is increasing in such circumstances
one may consider that stress is a causal factor of lung in-
jury. In this way the differential roles in lung injury of
mechanical factors such as pressure, stress, deformation
can be identified as soon as experimental study includes a
wide variety of pressure pulses. Different boundary con-
ditions give the same opportunity for the identification of
a causal factor as a wide variety of pressure pulses. Stress

is zero at free boundary and strain is zero at rigid bound-
ary. In an experimental set of both boundary conditions
stress and strain are not related in a unique way.

Dependence of injury score upon a causal factor
should be the same in all sets of available experimental
data. The corresponding curves should fit a smooth line,
i.e. coincide well. We consider this as athe strong require-
ment main obligatory condition for a choice of a “good”
criterion (figure2 two upper sketches). Significant
discrepancy of two branches of dependence for free and
rigid conditions demonstrate “bad” criteria (figure2 all
other sketches). Linearity of dependence is an additional
but non-obligatory condition requirement for a good
criterion. Some injury scores like percentage of ruptures
may have a nonlinear dependence upon a causal factor.

Unlike previously developed models [13, 14, 7] used
for the study of lung injury, our model takes into account
the attenuation of the wave amplitude due to the dissi-
pation of energy in pulmonary parenchyma. We believe,
that it can be more reliable for identification of a causal
factor of blast lung injury.

In considered experiments with impact dura-
tion 0.34 ms the simulated attenuation length is about
3 cm (figure 1). Thus before reflection at the rear surface
the wave amplitude is significantly damped. Average
overpressure is three times higher than the absolute value
of average underpressure (figure 2). In spite of this fact,
the simulation reveals that both values can form criteria
for edema formation. Similar results were received in
experiments [15], where critical values for overpressure
240 kPa and underpressure —76.1 kPa correspond to
LD50. They demonstrated that underpressure can be
used to indicate the severity of lung injury, and this rela-
tionship can be expressed with received linear regression
equation.

On one hand, it seems that underpressure should be
the best criterion to explain edema formation, because it’s
role was justified in terms of criteria (a) and (b). On the
other hand, unlike overpressure in criteria of type (b), it
appeared to be sensible to variation in a poorly defined
viscosity term. For (§ +4n/3) > 500 g/(cm s) the damp-
ing of compression wave is strong and there is no under-
pessure. Therefore, integral of maximum overpressure is
the only apparent parameter to describe edema formation.
Other candidates associated with criteria of type (b) could
be wave parameters like minimum stresses in structural
elements and maximum pressure gradients. They show
small discrepancy for two types of boundary conditions.
For further insight into the criteria of lung injury and the
responsible physical parameters of stress wave one needs
to compare simulation results and experimental data on
lung trauma for shock waves with different amplitudes,
durations and boundary conditions.

Conclusion

We’ve studied different criteria of edema formation
phenomenon on the basis of recently developed model [1]
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and experimental data of [6]. We’ve introduced three
types of criteria where the same physical parameters
compose damaging factors in three different ways. In this
paper the spatial averages over temporal maxima/minima
values of the following wave parameters were analyzed:
total overpressure and underpressure, their gradients,
pressure in the structural elements, and their gradients.
The best criteria are based on the average values of
overpressure and underpressure. The result depends on
the choice of viscosity of lung parenchyma (& +4n/3).
We’ve chosen the mean value of viscosity (€ +41/3) =
190 g/(cm s) at 2000 Hz, as frequency band about 1000—
3000 Hz is the main in experiments [6]. We demonstrated
that there is no unique criterion to describe available ex-
perimental data. Simulation revealed what characteristics
of the lung should be measured and what types of experi-
ments with shock waves should be performed to make an
unambiguous choice of lung injury criterion.
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