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FOREWORD

This Annual/Final Report has eight volumes. The titles are as foilows:

1. Project Summary

2. Blast Load Definition on a Torso Model

3. Lung Dynamics and Mechanical Properties Determination

4. Biomechanical Model of Thorax Response to Blast Loading

5. Experimental Investigation of Lung Injury Mechanism

6. Biomechanical Model of Lung Injury Mechanisms

7. Gastrointestinal Response to Blast

8. Effect of Clothing on Thoracic Response
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INTRODTUCTIOM

This work focus'es on the quantitative evaluation of lung damage due to

blast loading. This is part of the objectives of the work at UCSD Biomechanics

Laboratory. The overall objectives are: (1) determination of mechanical

properties of lung parenchyma, (2) investigation of wave propagation in the

lung, (3) determination of pulmonary stress distribution under blast loading,

and (4) examination of damage mechanism in the lung. The first two objectives

have been accomplished (see previcus reports). In order to achieve the third

and fourth objectives, experiments involving damage of an excised lung as a

result of blast loading were performed.

Edema and hemorrhage are the most evident visible injuries of the lung

when it is subjected to pressure shock waves. A quantitative evaluation of

these injuries is of interest. Since they develop gradually, it is necessary

to make measurements sequentially in time. In this report we describe a gravi-
metric method which is based on first establishing an isogravimetric condition

of the lung before the impact load is applied. The total lung weight is mea-

sured continuously so that the rate of progress of edema is obtained. The

edema rate provides a quantitative measure of lung injury. To complement this

data, stereometry of the hemorrhagic area on the pleura and in the lung can be

done to provide data on the injury to the vasculature. Some preliminary data

are presented in this report. It is shown that edema depends very much on the

rigidity of the surface with -vhich the lung is in contact. If the pleura is

supported on a lightweight soft cloth (such as a nylon net), the edema pro-

duced by a pressure wave is much less than that produced in the same lung

supported on a rigid boundary.

The excised lung was perfused. A blast wave was then imposed on the lung.

The wave speed of the pressure wave was faster than the speed of propagation

of the stress wave in the lung so that a shock condition was established. If

the lung were injured by the blast wave to the degree that the permeability of U
the blood-tissue barrier was changed, then interstitial edema may occur if the

lymph system drainage could not keep up with the fluid transfer. If the injury
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were more severe so that the epithelial barrier between the interstitium of

the lung tissue and the alveolar gas were damaged, then alveolar edema due to

the movement of fluid into the alveoli will occur. The interstitial edema will

be reflected by a moderate rate of increase of lung weight with time. The

alveolar edema can be recognized by a substantial increase in the rate of

increase of lung weight with time. Thus the evaluation of the lung weight

increase from an initially isogravimetric condition would provide a quantita-

tive measure of the lung injury due to blast wave.

Furthermore, when alveolar edema occurs in the alveoli immediately under-

neath the pleural surface, the color and texture of the lung change in such a

way that edema becomes visible to a trained eye. Hemorrhage in the lung tissue

close to the plettral surface is also visible. Hence a description of the sites

of edema and hemorrhage can be done.

Results of the lung weight gain experiments are contained in the first

paper attached, while observations on color and textural changes to the

pleural surface are contained in the second paper. Since these findings are

quite recent, general conclusions must be considered as prelimit.ary. In

particular it will require further investigation to confirm the exact origin

of the weight gain seen.

2
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EDEMA OF LUNG DUE TO IMPACT INJURY

by

.R.T. Yen, H.H. Ho, Z.L. Tao, and Y.C. Fung

Department of AMES/Bioengineering

University of California,San Diego

La Jol la, CA 92093
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ABSTRACT f

Edema formation is the most evident injury of the lung when it is

subjected to an impact load. A quantitative evaluation of the lung injury

is of interest.JeSince edema develops gradually, it is necessary to make

measurements sequentially in titme In this report we describe a gravimetric

method which is based on first establishing an isogravimetric condition of

the lung before the impact load is applied. Excised rabbit lung was tested.

The total lung weight was measured continuously so that the rate of progress

of edema was obtained. The edema rate provides a quantitative measure of lung

injury. It is shown that the rate of edema formation depends on the rigidity

oi the surface on which the lung rested, If the lung was "freely" supported

on a lightweightC soft cloth r(a net made of nylon stockings); the edema produced

by an impact was much less than that produced in the same lung supported on a

rigid plate. This undoubtedly indicates that the reflection of a stress wave

on a hard surface imposes a more severe condition for

lung injury, It is also shown that the initial velocity of impact at the

surface of the lung is a principal parameter to correlate with the rate of

edema formatio'i after impact) For a freely supported rabbit lung the rate

of edema formation was 20% of the initial total lung weight oni hour after imoact

when the impact velocity was 11.5 m/s, but it increased to 100% of initial lung weight

in one hour when the velocity of impacting pellet exceeded 13.5 m/s. These veloc-

ities are much lower than the speed of automobiles on our highways (55 mph ! 25m/s),

suggesting that lung injury may be significant in considering the highway traffic

safety problem.

4
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INTRODUCTIO•

It has been known for a luonj timne that when a man or animal is subjected

to an explosive pressure wave of sufficient magnitude, the gas-containing

soft organs are the ones that get injured first: the ears, the lung, the

intestines, the larynx, (see Refs. 1-9 and the bibliographies therein).

Compared with other Pa.rts of tne body, these organs can change volume to a

large extent. In the proceis of nonuniform rapid motion tissues become

overstretched locally and transiently, and injury results. The ear drum may

be broken; the intestine may bleed; the lung may have hemorrhage and edema.

Severe edema may be lethal. Qualitatively this description is convincing.

But quantitatively, the mechanismn of injury is still unknown.

The objective of the present paper is to evaluate the impact injury of

the lung by correlating the rate of edema formation with the initial velocity

of the lung surface subjected to impact load. The initial impact velocity

is selected as the principal parameter because the impact injury must be

related to the magnitude of the stress in the tissue, and the stress induced

in a material due to thepassageof a plane progressive wave is equal to pcv,

where p is the density of the material, c is the velocity of the wave in

the material, and v is the velocity of the material particles in the wave

motion. p and c are material properties of the iunq, and are unrelated to thep

shock. But v characterizes the shock. Since the stress depends on v, v

is the parameter of choice to evaluate the lung injury.

In Yen etal(1985).wepresented data for c in the rabbit and goat lung.

c lies in the range of 20 to 70 m/s depending on the transpulmonary pressur

PA " PPL I PA being the airway, pressure, PPL being the pleural pressure.

In the following, we shall show that severe edema occurs when v exceeds 13 rn/s.

5
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Hence trauma occurs when v/c is less than 1, i.e., when the impact is of

subsonic speed. It follows that we need to cnoider only sonic waves in

the lung, not supersonic strong shock waves. Incidentally this again justifies

the selection of the initial velocity at the lung surface as the principal

parameter to correlate with lung injury. The velocity is, however, only one of the

many parameters that affects injury, because injury is obviously affected also by

tho hiqtnrv and snatial diqtrihutinn nf thp impart lnad and the %tate the luno was

in initially.

Clemedson and Jdnsson (1964a) were, perhaps, the first to have clearly

stated that the initial surface velocity of the lung is the key parameter

with respect to lung injury. JUnsson (1979 ) has constructed a drop tower

to test lung injury based on this concept. Clemedson and Jbnsson (1964 a, b )

have indicated that the lethal injury level lies at a velocity of around 15 m/s.

We cannot find in the literature any data on the edema formation due to

impact injury other than gross statements. Hence %e thought it would add to

the understanding of pulmonary trauma by measuring the rate of edema formation

in excised lung of the rabbit after impact. The key to such a measurement is

that the lung must be so perfused that there be no edema before impact. This

is the isogravimetric condition that must first be established. Once established,

then the lung can be impacted and the course of the weight changed measured.

Our results show that significant pulmonary edema may result at speed of

impact considerably lower than the speed of automobiles on our highways. Hence

the results are relevant to the highway traffic safety problem, as well as to

the blast overpressure problem
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METHOD

Excised rabbit lungs were used. Rabbits weighing betý2.-, 7 and 2.5 kq

were anesthetized with intraveneous pentobarbital ( 40 mij/ky., awnd heparanized.

A high dosage of a smooth muscle relaxing drug, paoaverine, wilý lijected

intraveneously to ensure that the pulmonary vasculature was ii . relaxed state.

After a midline chest incision, cannulas we,e tied into thv FC:jl-ioonry artery,

trachea, and left atrium. The lung was then excised 3nd pldced on a screen

made of nylon stockings stretched on a double-ring frame used in embroidery.

As a normal lung is a soft and comoliant structure, the nylon screen orovides an

excellent support that eliminates stress concentrations. The spncimen and the

support system were then put on a weighing platform together, and the weiqht

of the lung was recorded continuously during the experiment to assess the

edema development. All connections to the lung were made of scft penrose tubing.

Fig. 1
Figure 1 shows a schematic diagram of our exneriment. the lung was oerfused

at a constant pulmonary arterial pressure from an open reservoir The left

atrial pressure was controlled by a Starling resistor whereas the airway pressure

was controlled via an air source and monitored by a water ,anometer. In each

experiment, the lung was perfused with Macrodex (6% dextran in normal saline)

with the pulmonary venous pressure fixed at 3 cm H20 and the airway pressure

held at 10 cm H20. A constant pulmonary arterial pressure was chosen so that

an isogravimetric condition of the lung could be established, When the lung

preparation was isogravimetric, a shock tube or an impact pellet gun was
activated with a chosen reservoir air pressure and a certain distance between

the shock tube or pellet gun and the lung surface. With a touch of the control
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key, the shocl tube or the pellet was fired. An impact load was then I
imposed on the lung surface.

Two different kinds of boundary conditions were examined. One is referred

t'o as 'Yreely supported'when the nylon net was hung free. The other is referred

tn as 'rigidly supported" when a metal plate was placed underneath the nylon

screen. The rigid support was intended to simulate the condition in which a

lung comes in contact with the heart or the ribs. Drastic differences were

observed in the lung injury under different boundary conditions.

Figs.
2,3,4 Figures 2, 3, and 4 show the design of the shock tube, the pellet qunI

and the weighing platform.

The shock tube used compressed air supplied by bottles. The pressure

in' the accumulator was in the range of 30 to 40 psi. A oaper' diaphragm %,.;as

ruptured by a knife activated by an elastic signal to produce a weak super;onic

shock. The nozzle diameter was 2.5 cm. The shock wave, however, was followed

by a bulk flow resulting in a trianglular pulse with an approximate duration

of 340 jisec. Because of this complex waveform the shock tube was used

only for the inj:iry experiment, and not for the wave speed measurement (for

which we used a water jet, see Yen et al.(1985). The dynamic pressure of

the shock wave was measured by a pressure transducer located at a position where

the wave would hit the surface of the lung. The peak pressure was used to
-igsý

& 6 correlate with edema 'ormation in Figs. 5 and 6 .

8
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The pellet gun was designed to propel a lightweight pellet of 1.5 cm

diameter at controlled velocities. The pellets were made of neoprene plastic

and each weighed 1.48 gM. They had skirts which stabilized them in the

internal and external trajectories. They were commercially available at $2.6

per 100 pellets. Velocity of the pellet was measured by two photosensors

located in the gun barrel.

The weighing platform used force transducers to measure the weight change

of the lung. The steady weight was counter balanced by adjustable weights

and springs. It had a sensitivity of 60 gm, and was calibrated by

dead weight.

RESULTS

Figure 5 shows the results of edema in freely supported lungs after an

air shock froin a shock tube. Figure 6 shows the results of edema caused by

the reflection of the compressive wave in the lung supported on a rigid metal

plate which was placed beneath the pleura surface of the lung. The ordinate

shows the gain in lung weight after 30 minutes or 1 hour after the arrival

of the shock wave, expressed in percent of the initial lung weight measured

at the isogravirnetric condition. The abscissa is the intensity of the blast

wave pressure when the wave arrived at the surface of the lung. The solid

circles show the data taken at 30 minutes after the shock. The open circles

show the data of weight gain one hour after the shock. These data show that

the lung can survive a shock with little edema if the peak dynamic nressure

of the shock wave was less than 2 psi. Above 2 psi, the rate of formation of

9
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edema increases with increasing 'level of blast pressure. The injury to a

freely-supported lung caused edema of less than 20% of the initial lung

weight in half an hour after impact for blasts of intensity up to 2.4 psi.

Reflection'of the compression wave in the lung on a rigid plate, however,

-induced a much higher degree 'f tissue damage even at such a low blast

intensity level. Figure 6 shows that the edema levels are increased if the

lung surface was in contact with a rigid wall, as compared with that with a

free wall at any given impact load intensity, At a shock level of 2.4 psi

at half an hour the edema will be about 40% of initial lung weight if

reflection from solid surface took place. Edema became more pronounced

one hour after the shock: the edema weight gains of the lungs were of the

order of 35% and 75% for ."free" and "rigid" boundaries, resoectively, when the

peak shock wave pressure was 2.4 psi.

"Test results using the light-weight impacting pellets are shown in
Fig.
7 Figure 7. The lungs were freely supported. Here it is seen that there was

no edema if the impacting pellet velocity was less than 11 m/s. But edema

reached 20% of initial lung weight one hour after impact when the imlpacting

pellet velocity was 11.5 mls. At an impact velocity of 13.5 m/s and above

the edema became massive, reaching 5 or more times the initial lung weight in

one hour.

103
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DISCUSSION

When the isogravimetric condition is established, that is, when

the arterial and venous pressures are so adjusted that the total lung weight

remained constant with respect to time, the static and osomotic pressures of

the blood in the capillary blood vessels of the lung are such that the net

fluid movement from the capillary blood vessels into the interstitial space

of the lung tissue is drained away by the y.yiphatic system at exactly the

same rate. When the lung is subjected to an impact load, the stress induced

in the tissue may cause changes in the permeability of the blood-tissue

barrier, and interstitial edema may occur if more fluid moves into the

interstitial space and the lymph drainage cannot keep up with the fluid transfer.

If the injury were more severe so that the epithelial barrier between the

intersititum of the lung tissue and the alveolar gas were damaged, then alveolar

edema due to the movement of fluid into thc alveoli will occur. The interstitial

edema will cause only a small rate of increase of lung weight with time because

the total interstitial space is small. The alveolar edema may cause a

substantial increase in the lung weight with time if the injury is severe,

because the alveolar space account for more than 70% of the volume of the lung.

Thus the evaluation of the lung weight increase from an initially isogravimetric

condition would provide a quantitative measure of the lung injury due to blast

wave,

In a desire to better understand the relationship between edema formation

and impact load, we tested isolated excised lung of the rabbit rather than

subject the whole animal to impact arid then evaluate the injury by dissection.

11
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The advantage of the excised-lung approach is the better defined measurements

and simpler interpretation. The disadvantage is that the efrects of many

.other factors are omitted from consideration, factors such as the chest wall,

muscles and bones, the diaphragm, the heart, spine, and abdomen, and the

posture of the subject, clot[h'ng, restraints (e.g. seat belt), as well asL

the nature of the shock - wvhether it is single pulse or multiple pulses, supersonicI

or subsonic, and the values of the overpressure and the pulse history (whether it is an

explosiJon or a decompression, or an impact due to collision with some hard or

soft object). The complexity of the general subject of~ safety of man in

his environment 'is evident, and our contribution provides only a clue to

the pulmonary trauma. Unlike penetration wounds or rupture of the heart or

blood vessels, or concussion of the brain, which are evident immediately

after impact, edema of the lung can develop only if the bliood continues to

circulate and if sufficient time is available for the fluid to be transferred

from tha blood to the alveolar space. Hence we suspect that lung injury is

under reported in those accidents in which blood circulation was interrupted

too soon.

Our experiments were motivated by the assumption that lung injury is

caused by stress waves. Because of the refraction and reflection of the

stress waves in the lung, injury does not have to occur at the place of

the external impact. This concept is supported by our experimental results.

Different kinds of stress waves exist in the lung in response to a disturbance

of the lung surface. It will be interesting to find out which of these wave

types is responsible for lung injury. Our results show that the reflected'

12
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waves are important because edema was seen to be more severe when the support

of the lung surface was changed from a fine nylon screen to a rigid plate.

Since an incident compression wave can be reflected as a combination of a

shear wave and another compressive wave, and can also generate surface waves,

the strong influence of the rigid support yields an important clue to the

mrechanism of injury which must be investigated in the future.

Aside from edema, hemorrhage may occur in severe imoact injury of the

lung. Previous photographs of the lungs of the sheep and rabbit exposed to

blast loading have revealed "rib markings" which was suspected to be

microvascular hemorrhage (Clemedson and Jinsson, 1964 b, Firscoli and

Cassen, 1950). We have found that this interpretation is incorrect. The

markings are indications of collapsed alveoli, of atelectasis, and are nrit

warks of hemorrhage. Hence the evaluation of hemorrhagic injury should Lbe

based on more positive evidences of hemorrhage than the rib markings.

I
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Figure 1 A schematic drawing of the experimental set-up for

measuring the edema of the lung subjected to a blast

loading produced by a shock tube. The shuck tube is

replaced by an impacting pellet gun when the lung

is tested for injury by a pellet of given velocity.

Figure 2 The cot.struction of the shock tube and a typical

dynamic pre.,:sur, trace.

Figure 3 The impact pe-let gun and the pellet.

Figure 4 The construction of the weighing platform.

Figure 5 Edema produced by air blast from the shock tube when

a rabbit 'lung was freely supported.

Figure 6 Edema produced by Pir blast when the rabbit lung was

rigidly supported on a metal plate underneath the nylon net.

Figure 7 Edema produced by the impacting pellet in a freely

supported rabbit lung.

15
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Brief Note

THORACIC TRAUMA STUDY:

RIB MARKINGS ON THE LUNG DUE TO IMPACT ARE

MARKS OF COLLAPSED ALVEOLI, NOT HEMORRHAGE

by

R.T. Yen and Y.C. Fung

Department of AMES/Bioengineering

University of California, San Diego

La Jolla, CA 92093, USA
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When an animal is subjected to a strong pressure wave, as it occurs in

a gun or bomb blast or an explosion accident, it is known that the lung injury

is the most frequent cause of death, (see bibliographies listed in the

references of Yen et al. (1985a). In post-mortem examination of victims

of such accidents it was often noted that there were red marks on the surface

of the lung which can be identified as the point of the ribs. Such markings

can be seen also in simulated impact tests of isolated lungto be described I
below. Rib markings are seen on a rabbit lung subjected to the impact

of a lightweight pellet at a velocity of 13 m/s. These simulated experiments

are relevant to car accidents, since the initial velocity of impact of

13 m/s is only about half of the speed limit on our highways (55 mph).

Since the rib markings are of red color, they are often considered as a

sign of hemorrhage of the delicate pulmonary capillary blood vessels

(Clemedson and Jinsson, 1964. Frisoli and Cassen, 1950). Hemorrhage and

edema are two most visible evidences of impact injury of the lung. We have

reported our study of edema in Ref. (4). In the following we would like to

show that the rib markings are in general not signs of hemorrhage. They

are signs of collapsed alveoli - atelectasis.

Method

Rabbit lung was used in this study. The method of animal preparation

and the instrumentation are the same as those described in Yen et al. (1985b)

and will not be repeated here. The anesthetized rabbit was subjected to either

a low supersonic wave from a shock tube, or on impact pellet propelled to a

24
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specified velocity by a compressed air cylinder. After shock a midline

thoractomy was made to open the chest and observe the lung. Some lungs with

rib markings were artificially respirated for further observation. Other

animals were artificially respirated for a period of time after being

shocked, and then opened up for observation.

Result

We noticed that for those lungs that acquired rib markings after impact,

the color of the marking appeared darker when the lung volume was small.

If the lung was reinflated to a larger volume, the color of the marking

becomes lighter. Following up this lead, we found that most of the markings

can be removed by a few repeated inflations to larger volumes.

Figure I shows the rib markings of a lung when first excised from an animal

which was subjected to an shock wave of peak dynamic pressure around 40 psi was out on

a respirator and breathed at 60 cycles per minute for 30 minutes.

The appearance of the lung changed to the one shown in Fig. 2. The rib

markings were removed by respiration.

Two rabbits of approximately the same weight were subjected to impacts

of the same intensity. One was opened immediately to observe the lung and

ribs markings were found. The other was put on the respirator and breathed

for sixty minutes and then the chest was opened: The lung appeared normal,

there was no rib markings.

A shocked lung with clear rib markings was frozen, then sectioned and

examined under a microscope. It was found that the alveoli were collapsed

but there was no hemorrhage.
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Concl usion

The rib markings are not marks of hemorrhage. These marks are

removable by rebreathing or reinflation. They are, therefore, marks of

collapsed alveoli rof atelectasis.

Under severe impacts it is possible to see hemorrhage of the lung.

Usually the region where the lung is in contact with the heart show the

first evidence of hemorrhage. The lesson we learned about the rib markinw

is that in evaluating hemorrhage injury of the lung a more positive evidence

than the rib markings should be used.

a
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LEGENDS

Figure 1 This shows the rib markings of a lung when first

excised from a rabbit which was subjected to a

shock wave of peak dynamic pressure around 40 psi

on the chest.

Figure 2 The same lung as shown in Figure 1 was put on a

respirator and breathed at 60 cycles per minute

between inspired and expired pressure of 4 to 16 cm H 20.

After half an hour, the appeara nce of the lung is shown

here. The rib markings were rem~oved by respirator.
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Figure 2
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