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I, INTRODUCTION

OYVERVIEW OF EXPERINKNTAL APPROACH ARD EQUIPMENT

—= PFour / distinct “experiments are performed to determine the mechanical
properties of lucg tissue!?

1. Measurement of the incremental bulk modulus, K. The equipment imposes
incremental changes to the lung volume and measures the corresponding
transpulmonary pressure. From the pressure-volume curves the bulk
modulus is conputed) FMgure 1-1 shows a photograph of this equipment.
Detatls of analysis and rasults are presented in Section 2.1,

2, Measurement of the incremental Young's wodulus, E. Two types of mea-
surenents are done:

a. A known vertical deflection is applied on the pleural surface and
the corresponding vertical load is measuread.

b A circular flexible polyethylene membrane of various diameters
(7 om to 16 mm, depending on the size of the lung) is cemcuted to
a flat portion of the pleura, and a vertical daflection is
applied on the center of the ‘Ibtlll&_; The corresponding vertical
—lo&d 18 measured. Figure <2 shows a photograph of this equip-
ment, Performance has been thoroughly tested and is satisfactory.
Details of the experiments and their results are presented in
Section 2.20

3. Mesasurement of material constants for human lungs in large deforma-
tion., This consists of two parts:

a. The TRIAX testing machine, designed and conatructed in our labor-
atory earlier, was used to measure the tissue coaponents of the
humsn lung stress-strain relationship, Figume 1-3 shows the
equipment; NWew effort was made to adapt a nev computer in the
laboratory, PDP 1103, to perform on-line experiments and analy-
sis. This has been accompligshed. Results are contained in Section
2.3.

\d b. Pressure-volume curves of air-filled human lungs are m:asured.
This work is done in Dr. Scbin's laboratory in Los Angeles where
fresh specimens can be obtained and tested as soon as they arrive

in the laboratory.
—9 "‘"""“J/‘i‘, 'l




Measurement of Wave Propagation in the lung. For convaaience of de-
tailed examination, excised lungs are used. A small ghock tube is
used to impose impact loading on the lung. Pressure transducers are
used to sense the shock and the stress waves. The speed of wave prop-
agation is determined from the firet arrival time of the pressure
wave front and known distance between sengors.- Figure 1-4 shows one
of the two shock tubes designed and constructed, Migure 1-5 shows the
test setup for the lung. Results are presented in Section 3,
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Mgure 1-2. Equipment for weasuring incremental Young's wodulus of lung
parenchyma by indentation and by flexidle disk




Figure 1-3(a). The Triax testing machine for determining the stress-strain
relationship of lung in large deformation
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Figure 1-3(b). Test specimen, strain measuring target, loading strings, force
treansducers and thermally controlled bath




Figure 1-4., Shock tube for 1ﬁpoaing impact loading on the surface of the :
g lung _
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2. LURG PARENCRYMA MECHANICAL PPOPERTIES

| 2.1 IRGREH!RTAL BULX MODULI OF ELASTICITY OF THE LUNG
2.1.1. Definitions

In the lung, the stress acting on any cross section consists of vtwo'
parts: the stress due to stretching of the lung tissue‘(otissue), and the

alveolar gas pressure (PA). We write

SLTE88 = Tyyoane ~ 9Py 9 (2,1-1)

where a 18 the fraction of the cross section that is exposed to the alveolar
gas, l-a 1év the fraction occupied by the interalveolar septa. See Figure
2.1-1. On the boundary of the lung is the visceral pleura. One side of the
pleura 1is exposed to the pleural pressure ppy. The other side 1is exposed to
the stress given by Eq. (2.1-1). The tension in the pleura can be expressed in
terms of the prihcipal stress resultants, Tl and T2 rer unit length. Let the
principal curvetures of the pleura be 1/R1, and I/Rz, respectively. Then the
condition of equilibrium of the pleura ia (Fig. 2.1=2): ’

T
O¢issue ~ %P * Ppr = R, + X, (2.1-2}

Due to the weight of the lung, or motion of the chest, the stress in the lung
is nonuniform and the equilibrium of the lung requires the tension in the
pleura., But {f the right-hand side of Eq. (2.1-2) vanishes, then

Tt1gsue ~ *PA T Ppr (2.1-3)

Origgue 18 a8 functiorn of the strains in the lung. If homogeneous strain is

cssumed, then Oyygcue is a function of the lung volume; sc are Pp and Ppy,* The
volumetric strain of the lung being the ratio of change of volume of the lung
to the lung volume, Avlung/vlung’ the incremental volumetric (or bulk) modulus
of elasticity of the lung tissue is defined as

K =V 52515222-- d(apA _ pPL) (2.1-4a)
tissue lung dV lung dv * *
lung lung




Figure 2.1-1. Concept of macroscopic stress defined over a
emall cross section of the lung tissue
enclosing a number of alveoli and ducts.

Figure 2.1~2, An enlargement of a small element of pleura, showing exposure to
pleural pressure (pp;) on one side, and to alveolar zas (pA) and
interalveolar septa on the other. The tension in the pleura
multiplied by the curvature of the pleura is equivalent to a
lateral load, and contributes to the balancc of forces in the
direction normal to the pleural surface, resulting in the terms
on the right-hand side of Eq. (2.1-2).




‘Thie 1s the modalus relevant to the study of breathing, and is normally mea-
surgdl by experiments in which either Pp OF Ppp is varled, with the airway

. Oeeno

Tn the .study of response of the lung to shock waves, it 1s relevant tc
consider the case in which the glottie is cilosed. The shock process is go fast
that the bulk' movement of gas through the glottis is negligible in the first
fewﬁ moments, In the closed glottis experiments, we may define the following

incremental volumetric moduli of 'elssticity:

dpA

Riang ™ Viung T ’

(2,1-4b)
lung '

dp
PL
-~V —_— (2.1-4¢c)
l(I?I.‘ lung. dvh.mg
We shall call K, the “chest bulk modulus.” Kp; is of interest to the
calculation of the chest wvolume in responsé to shock waves enveloping the
chest. Ktissue is of interest to the assessment of the stresses in the lung

tissue, and hence of its strength and damage.
From Eqs. (2.1-4a), (2.1-4b), and (2.1-4c) we obtain

K (2.1-5)

aKlung * Rpp, = Reigsue °

2,1.2, Open Airway Experiments

An experiment was designed to impose increments of volume to the lung

while allowing air transfer between the inside and outside of the lung. An
excised lung is suspended inside a lucite box. Air volume in the lung 1is
varied by a pump connected to the trachea cannula while airway pressure (pA)
is measured and external pressure (pPL) is held atmospheric. The bulk modulus
is computed from pressure-volume curves obtained in this fashion. Figure 2.1-3
shows a typical p-v curve.

Results are shown in Table 2.1-1, It is seen that the magnitude of the
bulk modulus of the lung tissue of the rabbit is of the order of 3 or 4 times
the transpulmonary pressure. Lai-Fook (1979) has shown that K tgsue of dog

lung is of a similar magnitude. Table 2.1-2 shows the results for cats and
humans,
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Figure 2.1-3, Pressure-volume curves of air-filled human lung
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Table 2.1-1. The Bulk Modulus of the Lung Tissue (K.;....) of the Rabbit

Determined by Open Airway Experlments

Transpulmonary

Pressure Keiesue (em Hy0)

PA © PpL

(cm Hy0) n Mean + S.D,
Inflation 4 4 13.60 2.42
Deflation 4 4 12,26 0.65
Inflation 6 4 21.32 1.62
Deflation 6 4 15,07 0.46
Inflation 8 & 30.69 2,21
Deflation 8 4 28.35 1.31
Inflation 10 4 36.87 3.70
Deflation 10 4 40,99 2.15

12




Table 2.1-2., The Bulk Modulus of Lung Tissue

a., Cats' Lung Tissue

franepulmoi.a
prz..“r. v Kiissue (cm H,0)
- o Y .
.Eﬂs ?BL (em EZ ) n Hean 8. D
Inflacion 4 3 , 15.62 2,45
Deflation 4 3 12,19 _ 2.07
Inflation 6 3 32,27 3.83
Deflation 6 3 26.16 5.15
Inflation 8 3 49.59 7.38
Deflation 8 3 46,03 11.52
Inflation 10 3 64.47 12.13
Deflation 10 3 61.89 15.30
b, Human LquﬁTisaue
Transpulmonary
Pressura
Py - Py, (cm B0) Reisgye (o 200

Inflation 5 18.10
Deflation 5 21,94
Inflation 6.5 21,77
Deflation 6.5 25,40
Inflation 8 26.19
Deflation 8 28.73
Inflation 9.5 29.57
Deflation 9.5 29.80




2.1.3. Closad Al rirsats
Equipment and Mathod

The equipment sketched in Figure 2.1-3 was used., The volume of air ‘n the
box and external to the lung can be varied by s Harvard infusinn-withdrawal
pump.

The calculation needs ‘the volume of the lung tissue, This was obtained by
measuring the volume of a completely atelectatic lung. The lunge of the animal
under anesthesia were ventilated with 100X pure oxygen for one hour and then
the trachea was clamped off., The gas in the lungs was then quickly absorbed by
the circulating blood and the lungs collapsed completely. After excision, the
volume of the tissue was determined by immersing it in water and measuring the

rise of water surface in a tube.

The lung was then hung in the airtight lucite box. A known volume of air
was then injected using a syringe so as to open all airspaces, creating an
airway pressure of about 20-25 cm H20 while the pleural pressure was atmo—
spheric. For each experiment, a known volume of air was added or withdrawn
from the lung using a syringe to obtain a desired initial p, while p; = O.
The airvay valve was then closed. Further change of lung volume wus imposed by
the infusion-withdrawal pump. In each change of volume the corresponding
transpulonary pressuve (tracheal pressure minus pleural pressure) and the
airway rpressure were meuwjured s'multaneocusly using the Validine pressure
transducers, During ¢b. experiment, the airway preesure was recorded using a
strip-chart recosrder, and the pump volume was plotted against pulmonary pres—
sure uging an x-y cecorier. An x-y recorder was used also tu plot chanyge of Pa

versus charge of p, - Pp; . These values are used to compute the bulk moduli.

Analyais
The volume of the lung 1s the sum of the volume of gas in the lung

( ) and the volume of the lung tissue (V ). Hence

valv.gas tissue

vlung = valv.gas + vtisaue

Since the airway and the external chamber are both closed, we have, by gas

law,

14




e e e e e R

Bence, when ppp» Py and V

alv.gas ST® changed by 4py, 4p,, and av

alv.gas’ ve
have

(pA + ApA)(valv.gu + Avalv.gao) = nART ;

M RT
A, ety
lung P, + ZpA alv.gas

ApA

“p, + bp, Valv.gas

pA . (2. 1-7)

Substituting this into the definition of chest bulk modulus Bq. (2.1-4c), we
obtain

P
luny PL
K - v'-' e— (pA + APA) . (2.1"8)
On the other hand, for lungs with closed airways, Eq. (2.1-6) implies

d av
P + valv,ga. -0
Pa alv.gas

Bence on substituting into Eq. (2.1-4b), we obtain the bulk wmodulus of the
lung in the case of closed glottis:

Kong ™" = ¥ Py (2.1-9)
alv.gas
Then by Eq. (2.1-5),
v Ap
Ketgsue = ¥ o (Py + 89)) -~y . (2.1-10)
alv.gas A

Since a is an unknown anatomical parameter, we compute a X for closed airway
defined by Eq. (2.1-10) with a = 1:

= Vg %m ,
k=3 2p, (PA*8RA) — Py 2.1-11) '
alv.gas A
then
= vlugg

alv.gas '

1

L

15




Result

Table 2.1-3 shows a set of typical results on an animal. It shows the
similarity, with opposite signs, of the values of the chest bulk modulus and
lung gas wodulus when the airway is closed. The sum yields the bulk modulus of
the lung tissue.

Table 2.1~4 summarizes the experimental results of the rabbit lung.
| Discussion

The chest bulk modulus, Ky, for lung experiments with glottis closed, is
saen to be much larger than the bulk modulus of the lung tissue, Ktiuue' ‘PL

is nearly equal to the bulk modulus of the air in the lung.

The Ktiuue values obtained from closed airway experiments are seen to be
different from those obtained from open airway experiments. The reason for
this diecrepancy is not clear. The major difference to the lung tissue in
these two experiments is that when the airway is closed very large changes in
both pleural and airway pressures are required to obtain a small change in the
transmural pressure, p, ~ Ppp» vhereas in the open airway experiments py, is
kept constant aund ApA is exactly equal to A(pA = Ppy). Lung inflation is, as
is seen from Egqs. (2.1-2) and (2.1-3), essentially a function of the trans-
wural pressure p, = pp;. but blood vessels respond to (blood pressure - p,) in
the capillaries and to (blood pressure - "l'l.) in the large vessels. Hence the
blood vessels must be deformed to a very different dogree in these two cases.
The pleura contains bronchial and lymph vessels and must recognize the differ-
ence similarly. Further, we have lumped the airway (the part in the test box)
with the lung in the data analysis, and treated the stress in the lung as

homogenecus, Whether these factors explain the difference in K, from open

iasue
and closed airway expreriments or not remains to be investigated.

2.2 INCREMENTAL YOUWMG'S MODULUS OF ELASTICITY

Once the bulk modulus K of the lung tissue is determined, it is possible
to obtain results for the shear modulus G, Young's modulus E, and Poisson's
ratio v through the indentation test.
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2.2.1. egnaratus

A photograph of the equipment used in this test is shown in Figure 2.2-1.
It consists of a Mitutoyo deflection apparatus (accurate to a 0.005 mm deflec~
tion), Statham pressure transducer (Model UC3), a Hewlett Packard 311A trans-
ducer amplifier-indicator, a Hewlett Packard 7100 BM strip chart recorder, and
a manometer, which was used to inflate the lung to various pressures. The
pressure transducer had a highly sensitive (3.175 mm diameter) probe which was
mechanically attached to the deflection apparatus. This setup made it possible
to measure the resistive load of the lung tissue resulting from an applied
(known) deflection. The signal from the pressure transducer was then amplified
and transmitted to the strip chart recorder where the load could be accurately

measured.

The pressure transducer was calibrated with a dual-arm balance; a 50 gm
weight was placed on one end while the probe was placed on the otl.: end. The
deflection apparatus was utilized to move the probe up or down until the bal-
ance arm was completely leveled, which implied that the probe was sensing the
full 50 gm. The runge of the strip chart recorder was then reduced since only
small deformations were involved. Under such conditions the stress-strain

relationship of the iung is considered to be linecar,

2.2.2, Experimental Method

In each experimen., a fresh lung was obtained with the airway completely
orened. The manometer was used to inflate the lung to the desired pressure.
The lung was placed firmly on a tray so that when a deflection was applied to
the lung, the corresponding measured resistive load would be due entirely to
the tissue, The lung was kept continuously wet with saline to preaerve its
freshness. However, the saline was removed from the tray prior to applying a
deflection (to the tissue) since water trapped beneath the lung would result
in an incorrect load measurement. A polyethylene disk of (known) diameter d
and negligible thickness was glued to the flat surface of the lung using Kodak
Eastman 910 adhesive. Thongh only small deflecticn was applied to the lung,
the disk was used to protect the lung tissue from being damaged by the probe,

which would also result in faulty load measuremen*s, The disk and adhesive

used did not appreciably affect the elasticity of the lung tissue.




Equipment for measuring incremental Young's modulus of lung

parenchyma by indentation and by flexible disk
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The lung was placed underneath the deflection apparatus with the probe
situated directly over the center of the disk., The reference point was deter-
mined by applying a downward deflection until the transducer just sensed a
positive load. The deflection apparatus was utilized to move the probe back up
to the point where the recorder indicated zero load. This was the probe's ref-
erence point: any positive deflection would result in a positive load. A known
deflection (w in mm) was then applied to the center of the disk and the corre-
sponding load (L in gm) was obtained from the recorder after a static equilib-
rium condition was reached. To obtain consistent results, the lung was precon-
ditioned before applying each deflection. This also eliminated any collapsed
lung tissue beneath the disk that was created by previous deflections. (As
mentioned, the disk greatly reduced this effect.) For each lung, tests were
run at several constant inflation pressures while the pleural pressure was

kept atmospheric.

2.2,3. Data Analysis

Knowing the bulk modulus K, the other incremental moduli were then calcu-

lated using the following equations

2 1/2

v=A-(A"-A+nw) A = 3 Kwdn/100L (2.2-1)
E = 6K(0.5 - v) (2.2-2)
G = E/2(1 + V) (2.2-3)

The indentation test was performed on severai rabbit and cat lungs, and on a
single human lung. Typical plots of the indentation test of L versus w are
shown in Figures 2.,2-2 and 2.2-3., They are all extremely linear, as theory
predicts for infinitesimal deformations (Hooke's Law). The values of w/%. in
Eq. (2.2-1) were obtained by the inverse slopes of the least squares equation
given next to each plot., As expected, the slopes of these plots become steeper
at higher inflation pressures because the lung becomes stiffer, and for a

given deflection, the resulting resistive load of the tissue will be larger.

An average of L/w was obtained at each inflation pressure from all of the

tests performed. This mean value was then used in Eq. (2,2-1) for the calcula-

tion of v and subsequently for E and G.
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Figure 2.2-2, Experimental results on the load (L) vs deflection (w) obtained
by the small-indentation method described in the text. Rabbit
lungs. Equations obtained by least-squares fitting for varioue
transpulmonary pressures (p, - ppy) are listed in the figure
for the four cases,
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Equations obtained by least-squares fitting.




2.2.‘. Re'nlts

Tables 2.2-1 through 2,2-3 list the calculated mean results of the incre-~
mental moduli for the rabbit, cat, and human lung, respectively. Notice that
in each table the values of E and G are very constant for each inflation pres-
gsure regardless of whether the inflationary or deflationary value of K is
used., Also, the values of E and G both increase with the inflation pressure,
which 1s expected since E = gtress/strain and, as previously discussed, for a
given strain, the stress will be larger at higher inflation pressures. A com—
parison of the tables shows that the values of Young's modulus at each infla-
tion pressure are similar for both rabbit, cat and goat lungs. Poisson's ratio
for the rabbit lung varies from 0.318 to 0.400 and has a general tendency of
increasing with the inflation pressure. See Figure 2.2-4, The values of v for
the cat lie in a similar range (between 0.307 and 0.405) and have a definite
pattern of increasin_ with the inflation pressure. The values of v for the
human lung lie in a smaller, lower range between 0,276 and 0.333, and have no
such definite pattern, In fact, those values of Poisson's ratio for the human
lung corresponding to the deflationary values of the bulk modulus actually
decrease with increasing inflation pressure.

2.3 LARGE DEFORMATION STRESS—STRAIN RELATIONS

Experiments were done to determine the mechanical properties of human
lung parenchyma under 1large deformation. The tissue is subjected to large
deformation. Rectangular slabs of human lung tissue 3 x 3 x 0.4 cm in size
were cut from frozen saline-filled post mortem lungs from persons 17-41 years
of age. The slabs were subjected to biaxial loading, with displacement in one
direction varying sinusoidally with time while that in the perpendicular
direction being kept constant. The resulting deformations were monitored con-
tinuously in the center of the specimen by video dimension analyzers. All
force and displacement data were recorded digitally on-line by a PDP 11/03
computer, The specimens were soaked in normal saline at 37°C and pH 6.3, 7.25,
and 7.4, The resulting stress-strain curves were highly non-linear. Visco-
elastic features of hysteresis, creep and relaxation were observed. Hysteresis
of the tissue in cyclic loading changed only to a minor extent when the strain
rate was varied. The concept of quasilinear viscoelasticity and pseudo-

elasticity (Fung, 1972) seems applicable to the experimental data obtained. An




Table 2,2-1, The Incremental Young's Modulus, Poisson's Ratio and
Shear Modulus of Rabbit Lung Parenchyma

Trans-

pulmonary Poisson's

Pressure E Ratio G

Py ~ Ppp (cm Hzo) \Y (cm HZO)

(em HZQ) n Mean _ S.D, Mean S.D. Mean S.D.
Inflation 4 4 12.719 0.770 0.363 0,009 4,666 0,282
Deflation 4 4 12,794 0.439 0.338 0.006 4,781 0.164
Inflation 6 4 16,659 0,398 0.376 0.003 6.053 0.145
Deflation 6 4 16.883 0.213 0.318 0.002 6.405 0.081
Inflation 8 4 20,527 1.153 0.376  0.006 7.459 0.419
Deflation 8 4 20.551 0.696 0.371 0,004 7.495 0.254
Inflation 10 4 22.882 0,837 0.389 0.004 8.237 0.301
Deflation 10 4 22,819 0,888 0,400 0.004 8.150 0.317
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Table 2.2-2. Incremental Elastic Moduli for Lung Tissue of Cat

Transpulmonary
Pressure E (cm H,0) v (cm H50) G (cm Hy0)
| Inflation 4 3 13.71 0.08 0.351 0.027 9.26 0.13
Deflation 4 3 13.8 0.10 0.307 0.038 9.04 0.20
Inflation 6 3 19.00 0.06 0.401 0.012 13,31 0.07
Deflation 6 3 19.13 0,11 0.375 0,023 13.15 0,14
Inflation 8 3 27.78 0.10 0.405 0,014 19.52 0,12
Deflation 8 3 27.85 0,18 0.395 0.024 19.43 0,21
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Table 2.2-3. Incremental Elastic Moduli for Lung Tissue of Human

Transpulmonary
Pressure B v G
| P, - PPL_SF‘ Hgg? (con “20) \cm ggg? (cn4§20)
|
i Inflation 5 22.15 0.296 8.55
| Deflation 5 21.98 0.333 8.24
Inflation 6.5 29.26 0.276 11.47
Deflation 6.5 29.11 0.309 11.12
Inflation 8 34,57 0.280 13,50
Deflation 8 34.30 0.301 13.18
Inflacion 9.5 35.84 0.298 13.81

Deflation 9.5 38.98 0.282 15.20
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exponential pseudo-strain energy function proposed by Fung (1975) was used to
describe the experimental results. The nmaterial constants obtained are com-
pared with those of the dog's lung given by Vawter et al. (1978). The vari-
ation of these material constants with age was not significant.

2.3. 1. Introduction

For the analysis of the stress and strain in the lung subjected to static
and dynamic loading, it is necessary to know the mechanical properties of the
lung tissue. Collection of a basic set of data on the mechanical properties is
a prerequisite for dynsmic asnalysis., Two types of data exist in the litera-
ture. In one, the lung is first inflated uniformly and then a small perturba-
tion is imposed on it. In the other, the lung is subjected to various types of
finite deformation. In the former, the incremental stresses are linearly
related to the incremental strain; and experiments and data reduction are sim-
ple., In the latter, the stress—-strain-history rslationehip is much more com-
plicated. Depending on the applications, however, both types of data are
important.

In this section, results from experiments on the human lung are presented
in which the lung tissue was subjected to large deformation in a "biaxial™
loading condition, and data on the stress-strain relationship, hysteresis,
strain rate effect, relaxation, and creep were obtained. A constitutive equa-
tion is presented, and the material constants are identified.

2.3.2. Materials and Methods

Ruman lungs were obtained at autopsy less than 48 hours post mortem from
patients whose cause of death did not produce an abnormality in the lung. Fol-
lowing excision, pressure-volume curves using air were obtained for each lung.
Three of the lungs were then degassed as follows. The main bronchus of each
lung was cannulated and connected to a vacuum Source. The lung was then hung
inside an airticht vacuum chamber containing water and maintained at a pres-
sure of about -34 cm 320 which corresponds to the saturation vapor pressure of
water. The vacuum source connected to the bronchi was adjusted to a pressure
of 1-2 em HZO' Thus the transpulmonary pressure was 36 cm 320. Each lung was
subsequently slowly degassed. Following degassing they were submerged in
saline and allowed to be filleZ via the bronchus until an equilibrium configu-

ration was reached. Two other lungs were not degassed, but were allowed to




collapse and then filled with saline under a slight positive pressure. The
1iquid-filled lungs were then frozen for cutting. Slabs of lung tissue were
cut 4-5 ma thick using a bandsaw, from which specimens about 3 x 3 x 0.4 cm in
size were obtained.

Once cut for testing, each sladb of lung tissue was allowed to thaw and
its thickness measured using & tissue micrometer at a minimum of five points
about the specimen surface. 0ni§xthosc specinens of reasonably even thickness
were tested. Specimens cut from lungs which had not been degassed bdefore
saline filling and freezing were subsequently placed in a vacuum chamber for
1-2 hours for degassing before testing. Bight loops of surgical silk were sewmn
to sach of the four edges of the specimen. Silk strings were then used to tie
the loops to the force bridges of the experimental apparatus. The apparatus,
nicknamed TRIAX, is a servo-controlled optical-electromechanical device de-
scribed in detail by Vawter, et al. (1978). In order to avoid the edge effects
introduced by this hooking aystem, a rectangular target was painted in the
center of the specimen using titanium dioxide powder (with a carbon black
border for contrast) from which displacements were monitored with video dimen-
sion analyzers. This target occupied roughly 7X of the specimen's surface
area. At all times during testing the specimen was immersed in a circulating
saline bath kept at 37°C. The salinity was wmaintained by dripping distilled
water as needed. The pR of the solutions was 6.3, 7.25 and 7.4,

Stregs-strain curves for slabs of human lung parenchyma were obtained as
follows. Using the cajpability of the TRIAX to control either the force or the
displacement in x and y directions, we maintained a constant force level in
one direction and a displacement varying sinusoidally with time in the other
direction, The amplitude of the sine wave in displacement was adjusted to pro-—-
duce a maximum stress of 60-70 gn/cn2 in the direction of stretch and a mini~-
mum of about 0. The frequency was 0.4 Hz. Four levels of constant force in the
opposite direction corresponding to 5, 10, 20 and 30 gm/cm2 stress were
chosen, representing roughly 7-50% of the maximum cyclic stress in the perpen-—
dicular direction. These stresses are based on the undeformed dimensions of
the specimen and are therefore defined in the Lagrangian sense. As with virtu-
ally all soft tissues, lung parenchyma must be preconditioned before each test
in order to obtain reproducible results. In our testing, a steady state was

reached within ten cycles, with data being collected on the last cycle by
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digital sampling using a PDP 11/03 computer. All loads on the specimen were
released after each test so as to avoid creep over long periods of time. At
various times the test in which the lataral load was held constant at a stress
lavel of 5 gl/cnz was repeated so that the repeatidbility of the measurements
could be assessed. Anisotropy is assessed by the experimental data, and also
by repeated testing with the role of x and y interchanged.

2.3.3. !Eggtlun-tnl Results

A typical stress-strain curve for the case o, = 20 gnlcnz is shown in
Figure 2.3-1. The curve ie highly nonlinear, having shallow slopes for small
strains and wuch steeper slopes for large strains. A hysterasis loop is seen.
The stress-strain relationship in loading is not the same as that in unload-
ing. But we shall see later (Figure 2.3-5) that the hysteresis loop is rather
insensitive to the strain rate, and thus the loading curve and unloading curve
are individually repeatable in cyclic loading. Henceforth in examining the
effects of other parameters, only the loading curves will be considered.

In Figure 2,3-2, thie effect of lateral tension on the stress-strain rela-
y is shown. The lateral load was huld con-
stant at 5, 10, 20, 30 gm/cm”, It is seen that the higher Oy is, the higher
the stress oy at any given Xy. The curves in Figure 2.3-3 illustrate the vari-
ation among biological speciuens. Rere the Oy vs A_ curves for five specimens

y
when o, was fixed at 20 gn/cn are shown., Notice that A ranged frou 1.73 to

tionship (loading curves) of o_ vs A

1,82 when o, was 63 gm/cm ; whereas ay ranged over 40 to 62 gn/cn when x =
1,7. In Figure 2.3-4 the lateral displacements for tests shown in Figure 2. 3-2
are exhibited. When a larger lateral force is applied, the area of the hyster-

esis loop is smaller.

To assess the effects of strain rate on the stress-strain relationship,
the rate of stretch was varied over 20-fold (the cycle time was varied from 25
to 500 8). The results are shown in Figure 2.3-5. It is seen that the stress-

strain relationship of human lung tissue is rather insensitive to strain rate.

2.3.4. Relaxation and Creep

In Figure 2,3-6 some typical relaxation curves of human lung tissue sub-
jected to a step-change in strain are plotted. It is seen that the relaxation
phenomenon 1is significant for the lung tissue, especially at higher levels of
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Figure 2,3-1. A typical stress-strain curve
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strain., Pigure 2.3-7 shows the results on a logarithmic time scale that re-

veals the various periods.

Figure 2.3-8 shows the creep curves of the lung tissue under constant
loads. It 18 seen rhat creep in the lung exists, but 1s remarkably small.

2.3.5. The Constitutive Equation

A mathematical expression describing the mechanical properties of a mate-
rial is called the constitutive equation. The mechanical behavior of human
lung tissue exhibited in Figures 2,3-1 through 2.3-8 is fairly similar to that
of some other soft tissues so that the constitutive equation suggested by Fung
(1975, 1981) seems applicable. This constitutive equation is based on the
concept of quasi-linear viscoelasticity and pseudo-elastic strain energy.

Expressed in the form of a pseudo strain energy function, we have:

symmetric terms obtailned

by permuting x, y, and z (2.3-1)

1 2 2
PV =5 c exp[alEx + azEy + 2a4ExEy] +

where o is the density of the lung in the reference state, W is the pseudo
strain energy per unit mass, and C, a,, a,, a, are material constants. Ex’ Ey
are Green's strains which are related to the stretch ratios Ay and Ay as

follows:

2
-1)/2 , E, = (xy -1)/2 . (2.3-2)

Hence, we have the Lagrangian stresses

3(egH) 2 2
o = "3?;"" ¢ (aE + a4Ey) explaE_ + 8,k + ZaAExEy]

2 2 .
+C Ax(aIEx +a,E ) exp[aE_ +a,E + 2a4Esz] » (2.3-3a)

2 2
= CAy(azEy + a,E ) exp[a E_+ a,E, + 2a4ExEy]

2 2
+ cxy(azzy + a,E,) explaE, + a,E + 2a4EzEy] . (2.3-3b)
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Figure 2.3-7. Relaxation of human lung tissue
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Equations (2.3-3) show that the constant C determines the overall stress
| level, whereas a, and a, datermine the range of change of stress with increas-
; ing stress, and a, determines the coupling between two parpendicular direc-

tions. If the lung parenchyma is assumed to be isotropic in the reference
state, then a; and a, are equal. Hence, for initially isotropic lung tissue,

2, .2
o, = CA_(a;E, + aAEy) exp[a, (B + ny) + ZAAExEy]

2

+ Ckx(a .

2
1B, + 8,E,) exp(a,(E_+E )+ 20EE] , (2.3-4a)

2, .2
o, = cxy(alzy +a,EB ) exp[a (E + Ey] + 2aéExEy]

2, 2
+ cxy(alzy + a,E,) exp[a,(E, + Ey) + ZaAEzEy] . (2.3-4Db)

y’ Ex’ Ey’
(2.3-3) and (2.3-4), we can identify the material constants C, aj), 2,9, and a,

When experimental values of 0 O Ez are substituted intc Eqs.

by minimizing the sum of the squares of errors between experimental and com-—

puted stresses.

2.3.6. Material Constants

Five human lungs have been tested, as listed in Table 2.3-1, All test
specimens are tested at 37°C., Two (1712, 2111) were tested at pH = 7.4, two
(2508, 1208) at pH = 6.3, and one (2109) at pH = 7.25. For each specimen, one
hundred data points were recorded in the computer. These are used to identify

the material constants.

Our results are presented in Tables 2.3-2 and 2.3-3. The material con-
stants are listed separately for the loading and unloading conditions, and
under the assumptions of isotropy or anistropy. In general, the fitting be-
tween the constitutive equation and the experimental data is very good.

I 41

M et s SEnt i SASESRLS SR TN SR MM SR PR SRS A A% S S SR Y MmO s S A AR 6 SR e SR IR AR A WA MRk M B M b SR WS SR R ENASEPS WA W (WU R LA AT AW A WA ASAALAR AR AN GCNALIRNI A AN T L A LML LY LS VR R R R WA I@



Table 2.3-1, Identification of Human Lung Specimens

Specinen
Number Age Sex
1 1712 41 Male
2111 24 Male
2508 21 Male
2109 28 Male

1208 17 Male




Table 2. 3"2 .

Loadigg Process

Mean Values of Lung Elasticity Material Constants in

a. Lungfriaaue Considered Anisotropic

Specimen g
No. T°C pH (g/cm a 1S.D. a,35.D. a,1S.D.
1712 37 7.4 5.84%1,.19 0.80+0.26 0.75%0.12 0.5310.14
2111 37 7.4 8.57%3.19 0.68t0.24 0.710.14 0.4410,14
2508 37 6.3 4.57%1.48 1.60t1.54 1.00£0,25 0.7310.50
2109 37 7.25 8.75%3.46 0.5420.12 0.7310.17 0.370,07
1208 37 6.3 10.32£2.90 0.53%0.16 0.730,13 0.4710.11
Mean: 7.57£2,33 0.8310.44 0.78%0.12 0.51%0.14
b. Lugg_Tissue Congidered Isotropic
Specimen g
No. T°C pH (g/c a; = an-:_h§.D. ath.D.
1712 37 7.4 5.,21:0.78 0.78+0,02 0.53%0.07
2111 37 7.4 5.52+0.90 0.86x0,07 0.5120.05
2508 37 6.3 3.92¢2,15 1.1120.33 0.63%0,17
2109 37 7.25 3.80%4,01 1.1620.39 2.63%0.19
1208 37 6.3 3.13:2.89 1.4020.41 0.91%0,24
Mean: 4,32¢1.01 1,06%0.25 0.6410,.16
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Table 2.3-3. Mean Values of Lung Elasticity Material Constants in Unloading
Process

a. Lung Tissue Considered Anisotropic

Specimen C1s.D.
No, T°C pH (g/em”®) .I*S.D. {zfs.b. aQtS.D.
1712 37 7.4 4.,0120.49 1.22t0.57 0.8910.18 0.82:0.36
2111 37 7.4 4,5421,82 1.23%0.57 0.9810,20 0.680,26
2508 37 6.3 3.40£1,38  1.42¢0.71  1.1280.27  0.75:0.35
E 2109 37 7.25 4,83t1,52 0.83%0,27 0.93%0.19 0.52%0.11
E 1208 37 6.3 6.07+1.24 0.78%0.23 0.9420.16 0.6310.15
E Mean: 4,57:1,00 1.10£0.28 0.97+0.09 0.68t0,11
E b. Lung Tissue Considered Isotropic
| Specimen C1s.D.
| No. T°C R (g/cn’)  a) = aj3s.D, a,15.D.
1712 37 7.4 4.9311,26 0.82:0.22 0.70%0.29
2111 37 7.4 4,30:0.73 0.97:0.12 0.61%0,.12
2508 37 6.3 3.89+1.40 1.0420.29 0.65:0,23
2109 37 7.25 2,70£1.29 1,1520.17 0.6520,07
1208 37 6.3 3,30%1,52 1.21%0.12 0.8620.12
Mean: 3.82:0.86 1.0420.15 0.69:0.10
R
1)
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3. WVAVE FROPAGATION IN YTHE LUNG*

3.1 INTRODUCTION

Because of the relatively slow speed of stress waves in the lung, the
features of wave reflection, focusing, and interaction often dominate the
scene of lung dynamics in response to impact loading. In any attempt to
snalyze the lung dynamics, it is necessary to know the speed of wave propaga-
tion. In the past, Clemedson and J8nsson (1962) have measured the wave speed
in the lung by inserting two pressure transducers (of diameter 3/32 inch or
2.38 mm) into the airways of the right and left lungs of an anesthetized
rabbit or calf and than subjected the animal to an air shock wave. By measur-
ing the difference of the arrival times of the stress waves at the probes and
the distance between the probes by autopsy, they obtained the velocity of the
main part of the pressure pulse in the calf lungs inflated to approximately
intravital size to be between 24 and 30 m/sec. For rabbit lungs they found
speeds of 15, 32, and 69 m/sec in several animals but considered the data as
uncertain. In collapsed rabbit lung they found a wave speed of 15 m/sec. Rice
(1983), using a microphone and a spark gap sound source, measured the transit
time of sound through the lung and estimated the sound speed in air-filled
excised horse lung to be between 25 and 70 w/sec, depending on lung volume.
Dunn and Fry (1961), using reflection coefficient for ultrasound energy and
the density of the lung tissue, calculated a wave speed of 650 m/sec. These
are the data in the literature as far as we know.

The lung has a complex structure and the lung parenchyma is a composite
material with a highly nonlinear stress-strain relationship. Many types of
waves can exist in it, Which one is excited depends on the mode of excitation
and the amplitude of the loading. The 10- to 20-fold difference between the
data quoted above reflects the fact that different kinds of waves were excited
in different experiments., It follows that one should design one's experiment
according to the intended application, so that the type of the impact load and

its amplitude level can be properly chosen., In the present study, we are

b

*By M. R, Yen, Y. C, Fung, H. H., Ho, and G. Buttermann
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‘ interested in the dynamics of the lung in response to impact or shock wave
’ acting on the chest; hence the impact load level should be relevant to the
; problem of poassidle lung injury. In the following we present the results of
t our measurement of wave speed in the lungs of the rabbit, the goat, and man
| with a method in which a water jet was used to impose an impact load on the
' lung. A pressure transducer was used to record the pressure wave produced by
l the jet hitting the lung. The transducer was also placed at a point on the far
| side of the lung to sense the arrival of the stress waves. A photosensor was
placed at various pla.es between the nozzle of the water jet and the lung to
measure the arrival of the water. From these signals the velocity of the water
jet and the speed of the stress wave in the lung can be determined.

The objective of our study is similar to that of Clemedson and JBnasson,
but different from those of Dunn and Fry and those of Rice. The impact pres-
sure level on the surface should be in the range of 1-5 nsi (7-35 kPa), and
the surface velocity should be in the order of 1-10 a/sec. According to
: Clemedson and J¥nsson (1975) severe hemorrhages in the lung are highly proba-
ble for a maximum surface velocity exceeding about 10 m/sec. We chose to use a
water jet to deliver an impact in this range. The velocity, momentum and area
of impact of the water jet can be controlled.

Our choice of water jet is based on the following consideration. Clemed-
son and J¥nsson (1964) used the detonation of a high explosive in a “wave
guide” (constituted of two concentric cylinders) to impose a planar shock wave
on the animal. By their method the determination of the wave arrival time is
difficult as can be seen from the cathode ray traces in their paper. In earli-
' er stages of our own experiment, we designed and used several shock tubes
(using compressed air and paper membrane) to produce a loading in an over-
pressure range of a few psi. The weak supersonic shock is followed by a bulk
flow. The lung responds to both the weak supersonic shock wave end the large
' bulk flow, and the determination of wave propagation characteristics is often
) difficult, This difficulty was minimized by using the water jet.
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3.2 APPARATUS

Figure 3-1 is a photograph of the test equipment used for measuring the
elastic wave propagation in the lung. Figure 3-2 is a block diagram of the
testing apparatus., The apparatus consists of three subgroups, the first of
which is the water jet for imposing impact loading on the surface of the lung.
To obtain 3 well defined impulse loading covering a circle of 2 mm diameter on
the surface of the lung, a water jet was constructed. A fluid reservoir driven
by a pressure regulated air source charged a small hydraulic accumulator
through a normally open flexure electronic poppet valve. This valve, manufac-
tured by Clippard Minimatic, has an activating time of < 3 ms due to a very
low mass of flexure poppet. The valve was designed to operate at 5 volte DC at
100 mA. When a normal trigger was applied to the valve sequencer, valve A
would close, isolating the accumulator from the fluid reservoir. After 30 ms
the valve B, an identical flexure poppet valve, would open for 5 ms, discharg-
ing the accumulator through the nozzle. The nozzle itself consisted of 5 holes

-

of 0.3 mn diameter each grouped in a 2 mm circle.

The second subgroup consisted of the photosensor system which was used to
sense the arrival of the ‘water jet, The photosensor could be moved with preci-
sion alcng the axis of the jet to calculate the velocity of the fluid in tte
air, The conditloning electronics 1dcorporated a hi-pass filter with a time

constant of 100 us to eliminate ambient light effects.

The third subgroup consisted of the pressure frransducer used to record
the response of the lung due to water impact. The arrival time and the pres~-
sute wave were recorded. The pressure transducer was connected to a Neff
amplifier and tle output was shown on a Tektronix 5440 oscilloscope. The
pressure transducer was an Endevco Model 8510-2 m2] with a calibrated sensi-
tivity of 151.6 m volts/psi. |

3.3 ANIMAL PREPARATION

Animals such as goats, etc., were first anesthetized using a proper dose
(~ 7 ug/kg) of Nemdutal. Heparin (145 units/kg) was then injected into the
bloodetream to prevent blood coagulation, The trachea was cannulated. Through
a midline incision of the chest, the lung was exposed and excised, An isola-

tion of the lung iobes was then made after placing the lung in a saline filled

tray.



Figure 3-1. The test equipment for measuring the elastic vave propagation

in the lung
.
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3.4 EXPERIMENTAL METHOD

The experimental protocol 1s shown in Figure 3-2, The lung was placed

firmly on a pressure transducer in a supporting basin, A water jet was placed

§ directly above the lung, with a distance of 1.8 cm from the bottom of the
\

nozzle to the surface of the lunz. The nozzle has five holes to allow five
small jets converging onto one area on the lung surface. A photosensing tube
was placed between the lung surface and the nozzle, In each experiment, the
reservoir air pressure was kept conataﬁt (50-60 psi). With a touch of the
control unit key, a water jet was fired. The screen of the oscilloscope showed
the output. For each constant reservoir air pressure, at least three photo-
sensor positions were used in the experiment. Then another reservoir air
pressure was selected and the experiments were repeated. The airway pressures
of the lung were chosen to be 0, 5, 10, 15 and 20 cm Hy0. The pleural pressure
3 "wes zero (atmospheric). We then plotted on an x~y coordinate paper (Figure
' ;&53:?) the distance from the top of the pressure transducer (d) versus the dif-
5'}férence in time (t) between the leading edges of the pregssure wave and photo-
sensor wave, For each water ejection setting (pressure in the accumulator) a
straight line was obtained. By changing the setting, different straight lines
were obtained. These lines would intersect at one poilnt whicb marked the time
and distance of the point where the water jet hit the lung surface. In this
way we obtained the lung thickness d. The corresponding time t is the travel-
ing time of impact wave in the lung tissuc. Hence the wave speed of the lung
tissue is ¢ = d/t. ‘

3.5 DATA ANALYSIS

Figure 3-4 shows a typical set of experimental curvee. Figure 3-4(a)
shows the pressure wave due to impact of the water jet on the traus¢ucar lo-
cated at the place where the jet hits the lung (with the lung removed). This
particular wave shows a peak pressure of 1.7 psi. Figure 3<4(b) shows the
usual format of the outputs recorded on the screen of the oscilloscope. The
upper curve is the response of the photosensor indicating the arrival of the
water jet. The lower curve is the response of the pressuve transcucer which
indicates the stress wave in the lung at the place whlore the traunsducer was
located, The first sharp wave is used to currelate t*- iwpact wave imposed on

the lung., The time difference between the arrival of the wster jet on the
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(a) The pressure transducer response due to impact of the water jet,
The peak of the pulse in this example is 1.7 psi.
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The upper curve indicates the arrival of water jet on the photosensor.
The lower curve is the responae of the pressure transducer which
indicates the stress wave propagation. The first sharp wave is used
to correlate the impact wave imposed on the lung. In this particular

example, the peak is 0.003 psi according to the calibrated scale
(one division is 0.0015 psi).

’ (b) Example of output response recorded on the screen of the oscilloscope.
Figure 3-4. Typical experimental curves
b




photosensor and first arrival of the wave by impact was measured and desig-
nated as Y corresponding to photosensor position dl; at least two other
photosensor positions were chosen and the results are designated as t,, dz and
t3, d3. These data are used to obtain the water jet speed in the air (the
slope of the curve) as well as the distance and traveling time in the lung
tissue (Fig. 3-3).

3.6 RESOULTS

Table 3-1 gives the experimental results of goat lung for savaral ailrway
pressures. The values of wave spced ¢ lie in the range of 30 to 70 w/s, and
have a general pattern of increasing with the airway pressure. Here n is the

number of experiments and ¢ is the standard deviation.

Table 3-2 summarizes the experimental results of the rabbit lung.

3.7 COMPARISON WITH DATA IN TIE LITERATURE

It is often stated that the velocity of stress wave in soft tissues of
the body is equal to the velocity of sound in water due to the high water con-
tent of most animal tissues [see, e.g., Corey (1946), Schardin (1950); c.f.
also White and Richmond (1959)]. The data on the lung show that this is in-

correct.

Table 3-3 gives the velocity of sound in various soft and hard tissues.
Comparing the velocity of sound in the lung with that in other tissues, one

sees at once that the wave speed is uniquely low in the lung.

3.8 DISCUSSION

The wave speed obtained from lungs with their blood drained were differ-
ent from those obtained for lungs filled with blood. Usually the values for
the blood-drained lungs were found to be higher. In one experiment using goat
lung with no blood in the pulmonary blood vessels, the obtained values corre-
sponding to airway pressures of 0, 5, 10, and 15 cm H,0 were 38.7 %1.8, 52.5
+3.0, 67.7 + 4.9, and 77.8 3.7 m/sec, respectively. Compared with the previ-
ous results with blood in the pulrmonary blood vessels, it is seen that these
values are higher. This finding appears to be reasonable, If we consider the

lung tissue to be incrementally linearly elastic, then the square of the wave




Table 3-1, Stress Wave Speed in Goat Lung pp 18 Airway Pressure and
Ppy, 18 Pleural Pressure Which is Atmospheric

Mean Value
Transpulmonary of Wave Standard
Pressure Velocity Velocity Deviation
PA ~ PpL (n/8) n (m/s) o

31.6

0 30.8 3 31.4 0.4
31.8
32,7
33.8

5 31.4 4 33.9 2,3
37.6
37.7
37.4
36.1

10 32.1 6 36.1 1.9
37.8
35.6
46.9
43.0
46,7

15 48.7 6 46.8 1.8
47.2
48,2
66.5
64.7

20 58.5 4 64,7 3.9
69.1




Table 3-2. Stress Wave Speed in Rabbit Lung p, is Airway Pressure and
Pp;, 18 Pleural Pressure Which is Atmospheric

Mean Value
Transpulmonary of Wave Standard
Pressure Velocity Velocity Deviation
PA ~ PpL (m/s) n (n/s) g

15.2
15.4
21.7
15.0
15.0
16.4

6 16.5 2.4

32.1
31.1
28.6
30.9 6 28.9 3.3
28.6
22.1

29.6
31.9
8 31.3 5 31.3 0.9
31.6
32.3

12

16 34,2 7 36.9 1.7
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Table 3-3, Velocity of Sound in Various Tissues, Air and Water

Velocity
of Sound Dgnsisy
Tissue (m/sec) (g/cm>) Reference
Muscle 1580 1 Ludwig (1950), Frucht
(1953), von Gierke (1964)
Fat 1450 1 Ludwig (1950), Fruch (1953)
Bone 3500 2.0 Clemedson & J¥nsson (1961)
Ribs & intercostal <1000 Clemedson & J¥nsson (1961)
muscle
Collapsed lung 650 0.4 Donn & Fry (1961)
(ultrasound)

Collapsed lung 320 0.8 Dunn & Fry (1961)
pneumonitis (ultrasound)
Lung, air filled, hLorse 25 0.6 Rice (1983)
Lung, air filled, horse 70 0.125 Rice (1983)
Lung, air filled, calf 24-30 Clemedson & J¥nsson (1962)
Alr 340 Dunn & Fry (1961)
Water, distilled, 0°C 1407 Kaye & Laby (1960)
Air bubbles (45X by 20 Campbell & Pitcher (1958)

vol.) in glycerol & H,0
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speed c2 is proportional to the Young's modulus E and inversely proportional
to tissue density p. Both E and p change with the transmural pressure, but
when the lung is drained of blood the primary effect is a reduction of the
dengsity of the lung parenchyma; and a rise in wave speed is expected. Rice
(1983) used He, air, and SF¢ in his experiments, and showed that the lower the
density of the gas the higher the wave speed,
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