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MORTALITY IN SMALL ANIMALS EXPOSED
IN A SHOCK TUBE TO''SHARPZRISING
OVERPRESSURES OF 3-4 MSEC DURATION

FORWORD

This report describes research in the general area of blast and
shock biology, more specifically the experiments deal with mortality
and other biological consequences of exposure to "fast-rising" over-
pressures of 3-4 msec duration and the relation of these data to
those in the literature dealing with the pressure-duration relation-
ship as this effects lethality.

:The data are limited to those circumstances in which exposure
to single-pulse overpressures rising almost instantaneously occur,
They are pertinent to military and industrial situations that involve
explosive phenomena,

The present study is a part of a continuous program of research
which has been under way since 1952 and future work will extend the
interspecies investigations to the end that the human-response
following exposure to blast pressures will be better understood.
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ABSTRACT

A total of 661 animals were exposed to ''sharp''-rising overpressures
of 3-4 msec duration using a shock tube of novel design which produced a
pressure pulse similar to that obtained with high explosives. The reflected
shock overpressures associated with 50 per cent lethality were 29.0, 38.6,
35.2 and 35.6 psi for the mouse, rat, guinea pig and rabbit,” respectively.
Other observations included the time of death in mortally wounded animals
and gross pathological lesions likely to contribute to mortality. Selected
data from the literature bearing upon the influence of overpressure and
pulse duration on lethality were reviewed. These included pulse durations
ranging from less than 1 msec to 6-8 sec. The critical pulse duration, that
duration shorter than which the overpressures required for mortality increases
shé,rply, was noted to depend upon animal size and to be of the order of
rﬁany hundreds of microseconds to very few milliseconds for ''smaller"

animals and a few to many tens of milliseconds for "larger' animals.
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INTRODUCTION

As pointed out in previous studies 10-13,18-21 quantitative tolerance

of man to blast-produced overpressures is difficult to estimate precisely.
However, information now available from considerable animal experimenta-
tion makes it apparent that the mammal is extraordinarily sensitive to the rate,
character and magnitude of the pressure rise, the duration of the pulse, and

to a lesser extent to the rate, character and magnitude of the pressure fall.
Too, it'is known that these factors vary not only with eprlb;sbive yield, range
and burst conditions, but also are modified by the geometry in which exposure
occurs. Consequently, interpretation of earlier and more recent biological
data must be guided by careful attention to the physical details of the environ-
mental pressure atimé variation with which a given biological effect is associ-
ated if adequate understanding is to be forthcoming and apparent conflicts in
data are to be clarified. For example, mortélity data were obtained in 1941
by English workérés using 5 species of animals exposed in air to ''fast''-rising,
"short''-duration overpressures produced by detonation of small (1, 8 and

66.6 1b) high-explosive charges. By extrapolation of these data, 50 per cent
lethal conditions for the 60 and 80 kg animal were predicted to be near 390 and
470 psi, respectively.8 Field studies carried out during the first World War,
also in England, noted 12 human exposures for whiéh the estimated high-
explosive produced, maximal overpressures ranged from 170 to 500-600 psi

with only one fatality related to an estimated overpressure of 450 psi.

In contrast, experimentation with larger high-explosive charges (55 to
4000 lbs) in the early 1940's in Germany revealed that lethal overpressures

for dogs dropped from near 218 psi for a "fast''-rising overpressure enduring

for 1.6 msec to 76 psi when the pulse duration was 11.8 msec.5 Field studies

in Germany involving éxposure of 13 individuals — located in a gun revetment —
to blast from a 2000 1b bomb (1210 Ibs of explosive), reported two fatalities at
estimated maximal overpressures of 235 psi, which pressure resulted from a

reflection of an incident wave of 58 psi._‘ The duration of the pulse was between

4 and 6 msec.

Also, in apparent contradiction to the above-noted British and German




results, are recent shock-tube data obtained on 6 species of animals subjected

to "fast''-rising overpressures of near 400 msec duration which when extrap-
olated to the 70 kg animal allowed the 50 per cent lethal overpressure to be
calculated at 50.5 psi.13 These findings led te a tentative, recent prediction
of 45 to 55 psi as the overpressure range for 50 per cent lethality in humans
exposed to ''sharp''-rising, nuclear-produced overpressures of "long" dura-

tion .21

Actﬁally, there is no conflict ameng the British, German and American
data cited above. The differences are simply more apparent than real, there
beihg "ample evidence that (a) both the magnitude and duration of "fast'-rising, »
single- pulse overpressures must be considered in specifying tolerance to

, 16

"shorter' ‘duration overpressures as has been p01nted out by German,

English;17 Swedish,3’ 4 and American workers
the character, rate and magni.tude of the pressure rise not only can be markedly
influenced by the circumstances of exposure, but-also are sehsitiv'e to other
factors which can make the free-field wave form atypical, all facts that are
often critical for many types of field data; and (c) the overpressure duration is
mostly determined by total y1e1d and range which for overpressures near 100
psi, even for yields as low as 10 kilotons, is near 200 msec for sea-level
detonations in air. Such findings not only allow integration of the earlier frag-
mente,ry animal experiments employing "short'-duration, high-explosive
produced overpressures with the more recent, but as yet incomplete, obser-
vations employing "long''-duration pulses obtained full-scale and in the labor-

atory, but also focuses attention, among other things, on the need for system-

atic investigation of the parameter of overpressure duration.

The experfments to be reported here are a part of a broad study pri-
marily coﬁceiv_ed to establish an interspecies correlation between the weight

of animals and their tolerance to ''sharp''-rising overpressures as a function

¥

of pulsé duration. ‘However, the limited objective of the present report is to
set '_f“orth the empifically_‘determiAned relationship between lethality and the
megr;i_tude of single, "sharp”‘—ri_sing overpressures of 3-4 msec duration for .
mice, rats, g\iinea pigs and rabbits, and to record selected, but significant,

gross pathological lesions caused by air blast generated in a shock tube spe:

cially designed to produce pressure pulses similar to '"small', high-explosive

charges.
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METHODS

Geometry of Shock Tube.

A diagram of the shock tube developed to produce steep-fronted pressure
waves of "short" duration ai)'pears' in Fig: 1. The apparatus consisted of a
cylindrical compression chamber one foot in length separated from the expansion
chamber by a »rupturable diaphragm. The expansion chamber was composed of
a 15-ft length of steel tubing with:a test section bolted. to its downstream end.
The latter was shaped like a mathematical plus symbol (+)'. As noted in Fig. i,
the lateral members of the test section remained open and provided vents of
23-1/2 in. in diameter. 'vThe’ distal end was closed by a steel plate (the end-
plate). The shock tube was circular in cross section with an internal diameter
of 23-1/2in. Its wall thickness was 3/8 in.

The diaphragm cons1sted of one or more sheets of plastic film¥*, 0:010 or
0.0075 in. thickness. Each' sheet measured 34 x 34 in. and had holes pre-drilled
to match those of the flanges.. For their 1nsta11at1on they were s1mp1y bolted be-~

tween the two flanges of the diaphragm station.

Diaphragm rupture was initiated by a . 22 caliber bullet fired from a pistol
mounted on the outside wall:of the tube. just downstream from the diaphragm
station. Diaphragms that consisted of more than three sheets of plastic were

ruptured by a 12-gauge shotgun instead of the .22 caliber pistol.

Air was pumped into the ‘compression chamber to a pre-determined pres-
sure. Followjngjaiaphragm?rupture, the compressed air that escaped from the
compression chamber generated a shock wave which traveled down the expansion
chamber and reflected from the plate closing the end "of‘the tube. ;‘S'imulta.neously,
a rarefactmn, or negatwe wave, was produced at’ d1aphra.gm rupture; it traveled
back into .the compressmn chamber, reflected from the- back end of that chamber,
and moved downstream, markedly reducing the pressure of the gas through which
it passed. Because it was travelmg at & velacity greater than that of the incident
shock front, it eventually overtook and weakened the shock this occurred at a
distance downstream equal to a.bout 16 t1mes the length-of the compxaessmn

chamber.

*DuPont MYLAR, a ‘polyester film:.
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Since the downstream: end_o'f-'th'-e expansion chafnber was closed, the shock
front, upon striking the'end-plate’, reflected andktra_\'relled back upstream creating
a reg1on of h1gh stagnant pressure. The pressure behind the reflected shock
front was more than double that followmg the ineident shock. Consequently, by
opening the lateral ports of the "Test" section, the duration of the high reflected
pressure obtained at the end-plate was markedly reduced bjr the rarefaction waves
from the e_ompression chamber'and the lateral openings.- For a detailed account

of shock tube theory, the '__reader is referred elsewhere.

Pres sure =time Mea-suretnents

The pressure -t1me h1story in the test’ sect1on was measured and recorded
by r'ommerc1a.11y ava11ab1e electronic equipment. On each- test the pressure was
measured by a. quartz p1ezoe1ectr1c transducer (SLM PZ-14)* It was shock-
mounted flush with the wall of the tube ata pomt 3 in. from the end- plate The
s1gna1 from the gauge was ‘fed through low noise cable to an amplified-calibrator
(Model 455A)* and then into an osc1lloscope (Tektronix, Model 535). A perman-
ent record was obtamed by photograph1ng the sweep on the oscilloscope with a

Polaroid La.nd Type Camera

The quartz; p1ezoe1ectr1c gauge was. stat1ca11y cahbrated by using a small
air presaunzatmn tank. Ite dynam1c performance was per1od1ca11y checked on

a- cahbratmn shock tube.

Expe ri:mental Anir’nals

A total of 661 young adult ammals was utlhzed in this study, of which there
were 240 mice, 160 rats, 177 gmnea pigs, and 84 rabblts

AN an1mals, one to a cage. ;were exposed - always with the right-side up-
stream — in steel.hdlamond -mesh cages that were bolted against the 1ns,1de.»sur-

face of the vre'nd-pfl‘ate.:. Table 1 lists the pertinent animal and cage information.

"Photographs of anin1als in‘ their reSpeCtive cages are shown in Fig- 2.

Since the test sectlon was open laterally, the animals were observed 1m-
medlately after each shot Ammals were.followed-for a two-hour postshot period.

Deaths were reécorded at the _end’of_eac_h' successive rninut‘e' for the first 20 rnin

*Purchased from Kistler Instrument Co., North Tonawanda, New York.
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Table 1

. Number,. Spec1es, We1ght and
Age of Ammals and:Dimensions of Exposure: Cages

Species and Type Sex and 'Body wt. {gm) Age Dimensions Number of
of number of Average & S. D. (months) of individual compartments
A.mmals animals . range o cage (in. )*
Mouse (F) 20.9 . 6.2 1to1-1/2 1-1/2x1-1/2x3-1/4 10
Webster strain 240 - (14.4-26.7)
Rat (F) 183 +* 12.6 2 to2-1/2 2x2-1/4x8 5
Sprague Dawley - 160 . (156-218)
Guinea pig (M&F) 436 + 39.3 3-1/2 to 4 3x3x8-1/2 3
English breed C177 (363-577)
Rabbit (F) 1810 +293.3 2-1/2 to 3 5x5x14 2
New Zealand White 84 (1190-2722)
Total = 661

*See Figufe 2 for photographs of animals in cages.
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and then every 5 min for the next 2 hours. Survivors were sacrificed and
autopsied after 2 hours; those killed by the blast were autopsied as soon as

,possible after death, usually within 15 min.

RESULTS

Pressure-time History

Characteﬁstic pressure-time records taken with the gauge, side-on,
3 in. from the end-plate and face-on, flush with the inside.of the end-plate are
111ustra.ted in F1g 3. The maximal reflected shock pressures and the duration
of the overpressures measured with the gauges at 3 in. and at the end-plate were
_in good agreement. -Figure 4 gives. the average incident and reflected shock
pressures obtained over the range of compression-chamber pressures employed.
The durations of these overpressures ranged between 3 and 4 msec. Because
there was appreciable variation from the average data éhown in Fig. 4, it was

necessary to measure the pressure data each time animals were exposed.

Mortality as Related to Reflected Pressure

The pressure-time data, metered for each shot, along with the corres-
ponding mortality for each species were listed according to the ascending order
of the reflected shock pressures; the figures were then ’grouped and the averages
assembled as in Tables 2 to 5. The mortality observations represent lethality

in 2 hours.

The probit analysis of Finney6 was applied to the mortality data in Tables
2 through 5; the procedure was programmed for a Bendix G-15 Computer which
accomplished all the calculations to provbide probit regression line equations
relating percent mortality in probit units to the log of the reflected (maximal)
" pressure. . The results of the probit analysis are plotted in Fig. 5 and are

summarized in Table 6.

Substituting values of y = 5 (50 per cent mortality) into the respective
‘k‘probit‘ equation and solving for x yielded the maximal or reflected pressure '
ne,ée.sisary for 50 per cent lethality, the LDSO‘ For each species results wére as
follows: mouse, 29.0 psi; rat, 38.6 psi; guinea pig, 35 2 psi; and rabbit, 35.6
ps1 (Ta.ble 6 and F1g 5). Statistical tests showed the mouse LD50 to be s1gn1f—
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Table 2

Mouse Mortality Data

. Overpressure (psi) . - . - Mortality
-Group. Incident Shock Reflected Shock  Dead Percent
Average and Range Average and Range  Total
1 3.2 7.6 0/30 0
(2.7-3.4) (6.8-8.0) ’
2 6.8 16.2 0/30 0
(6.4-7.3) (15.0-18.2)
3 9.3 22.8 3/40 7.5
(8.2-10.0) (21.4-23.6)
4 11.4 24.8 2/20 10.0
(10.9-11.8) (24.1-25.5)
5 11.8 29.7 19/30 63.3
(10.9-12.7) (29.0-30.9)
6 14.5 35.5 20/20 100.0
(14.5) " (34.5-36.4)
7 15.2 39.1 27/30 90.0
(13.6-16.4) (39.1)
8 16.1 40.3 _ 29/30 96.7
(15.5-16.4). (40.0-40.9)
9 17.3 ~ 45.5 ~10/10 100.0
(-) (=)
Total ' - 110/240
Computed . LD =29.0 psi

-11-

50




Table 3

Rat Mortality Data

Mortality

o . Overpressure (psi) : _ A
Group Incident Shock Reflected Shock Dead. = Percent
Average and Range  Average and Range Total
1 7.7 - 18.6 0/10 0 )
(7.7) (18.6)
2 _ 11.9 30.8 0/25 0 !
(10.9-12.7) (29.1-32.7)
3 14.7 36.4 3/35 8.6
(14.1-15.4) (35.9-36.8)
4 15.4 38.0 17/30 56.7
(14.5-17.1) (37.7-38.2)
5 16.7 .39.3 15/20 75.0
(14.5-20.8) (38.8-39.5) '
6 17.0 41.8 21/25 84.0
(15.2-18.3) (40.8-43.2)
7 19.9 ~ 46.5, 14/15 93.3
(17.3-21.7) (44.5-48.3)
Total 70/160
Computed LD_ ., = 38,6 psi

50

-12-
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Table 4

Guinea Pig Mortality Data

. Overpressure (psi) Mortality
Group: Incident Shock _ Reflected Shock - Dead Percent
Average and Range Average and Range Total
1 3.6 9.2 0/9 0
(3.6) (9.1-9.5)
2 7.3 17.5 0/18 0
(6.4-8.2) (15.9-19.5)
3 9.3 22.4 0/15 0
(-) (20.9-25.9)
4 10.6 27.7 4/21 19.0
(9.1-11.4) (26.4-28.6)
5 12.0 32.4 . 8/33 24.2
(10.9-13.6) (30.5-35.5)
6 14.7 - 37.3 13/24 54.2
(12.7-15.5) (36.4-39.1)
7 15.0 : 41.5 38/45 84.4
(13.6-16.4) (40.0-43.6)
8 16.4 45.6 A 12/12 100.0
(16.4)  (45.2-46.4)
Total 75/177
Computed LD = 35.2 psi

50

-13.



Table 5

Rabbit Mortality Data

o . Overpressure (psi) ' Mortality
‘Group Incident Shock. =~ -  Reflected Shock Dead Percent
: : Average and Range = Average and Range Total .
1 - 3.6 ‘ . 6.4 0/2 0 ‘
(3.6) | (6.4)
2 7.0 1.7 0/8 0 '
(6.4-7.3) (16.8-18.6)
3 ©10.1 23.5 0/8 0
(9.1-12.7) - (22.7-24.0)
. /" .// X
4 10.6 _ 27.4 0/8 0
(10.0-10.9) (26.4-29.1)
5 11.7 30.7 2/14 14.3
(10.9-12.7) (30.0-30.9)
6 ©13.2 34.5 6/14 42.9
(11.8-16.4) (32.7-35.5)
7 14.6 ’ T 37.8 7/12 58.3
(14.5-15.0) (36.4-39.1)
8 15.6 41.2 11/12 91.7
(14.5-18.2) (40.0-42.7) ’
9 16.1 45.6 6/6 -100.0
. (14.5-17.3) (45.0-46. 4)
Total \ 32/84

Computed LDgq = 35.6 psi

-14-
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Table 6

Summary of the Probit Analysis

LD50 reflected Standard error Probit regression equation constants

»Speciés pressure of the LDg, a, intercept b, slope s5(B)*
psi psi

Mouse 29.0 +0,6 -15.05 13.72 1.536

Rat 38.6 +0.8 -42.53 29.97 9.368

Guinea pig 35.2 +0.8 -15.03 12.95 .1.903

Rabbit 35.6 +0.8 -24.35 18.92 3.908

*Standard error of the slope constant.
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icantly lower than the other species at the 95 per cent confidence level. That
for the rat was significantly higher than the guinea pig's, also at the 95 per
cent confidence level, but not higher than the rabbit's. ‘ The guinea pig and the

rabbit LD50's were not significantly different

Statistical tests further revealed tha.t the slopes of the probit mortality
curves of the mouse, guinea pig, and rabbit were parallel at the 95 per cent
confidence interval. The slope of the rat curve was not "'statistically' parallel

with the 'slopes for the other three species.

Gross Péthological Findings

Time of death. Table 7 summarizes the humber of deaths that occurred

over the Z-Zhr’b'postshot period by 5 min intervals.- As seen in the table, 187 -
animals (65 per éent) of the total 287 expired within 5 rmn By the end of 30 min
and 60 min, 93 and 96 per cent, respectively, had died. There were but‘3 mice,
4 g\:unea pigs, -and 3 rabbits dying between 1 and 2 hrs. Consequently, there was
little difference between the LD50 s calculated on the basis of 1 or 2 hr mortal-
ity.

The data are plotted in Fig. 6 to show the .cuﬁlula',tive percent morfality
as a function of time. As noted 1n the figure, the same pattern generally held
for each species; riameiy, the mortality rose rapidly over the first 5 min, less
rapidly for the next 25 to 30 min, and slowly during the remaining hour and a
half. On the average',: there was a tendency for the mean survival time to be

shorter the higher the overpressure of exposure.

Nasal and oral signs. Usually, the only external sign visually detectible
in fatalities, other than cessation of breathing often preceded by a.gasping . res-
piration, was the appearance of a pink or red-tinged froth at the nares and/or

the lips. Occasionally frank Bieeding was obsérved "mostly of short duréti()ﬁ
The source of blood was from the pulmonary tree and not the nasal membranes,
the sinuses or the pharynx Table 8 lists the number of surviving and morta,lly
wounded animals showing these nasal and oral signs. It is clear that the appear-
ance of blood tlnged froth or ‘bleéding-from the nose and/or mouth was a grave
sign; no surviving an1ma1 exh1b1ted this p1cture -while 63 per cent of theé fatal-

ities did. Even so, there was a sharp 1nt_erspec_;1es difference as the last
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Table 7

Lethality as Related to Time

Time Period Number of deaths within indicated time periods Pef cent Cumula-
‘ - of total tive
{(min) Mouse Rat Guinea pig Rabbit Total No. dead per cent
0-5 93 40 38 16 187 65 65 .
6-10 7 1 11 4 29 10 75
11-15 1 4 9 6 20 1 82 v
16-20 4 8 7 0 19 7 - 89
21-25 0 4 2 2 8 3 92
26-30 0 5 0 0 5 2 93
31-35" 0 0 1 0 1 0.3 94
36-40 1 0 0 1 2 0.7 94
4] -45 0 2 2 0 4 1 96
46-50 0_ 0 1 0 1 0.3 96
51-55 1 0 0 0 1 0.3 96
56-60 0 0 . 0 0 0 0 96
61-65 0 0 0 0 0 0 96
66 -70 0 0 0 0 0 0 96
71-75 1 0 1 1 3 1 98
76-80 0 0 0 0 0 0 98
81-85 0 0 0 0 0 0 98
86-90 1 0 2 0 3 1 99
91-95 0 0o 0 0 0 0 99
96-100 0 0 0 0 0 0 99
101-105 0. 0 1 0 1 0.3 99
106-110 1 0. 0 1 2 0.7 .- 100
111-115 0 0 0 i 1 - 0.3 100 . -
116-120 0. 0] 0 0 -0 0 - - 100

Total No.Dead 110 287 : .

-~
(o]
3
W
w
8N
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Table 8

Number Animals with Bloody Froth or Frank Bleeding
' From Nose and/or Mouth

Fatalities

Survivors _
Number No. with nasal Number No. with nasal
Species animals . and oral signs % animals and oral signs %
Mice 130 0 0 110 101 91.8
Rats 90 0 0 70 50 ‘71.4
Guinea pigs 102 0 0 75 14 18.7
Rabbits 52 0 0 32 17 53.1
Total 374 0 0 287 182 63.4
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column of Table 8 details and many arimals died without any external evi-

dence of hemorrhage whatsoever.

Lung weights. As expected, the lungs were severely damaged by the
air blast. Tables 9 through 12 give the lung weights as a per cent of the body

weight for each species grouped to show the relation between the different
pressures of exposure and the mean lung weights for mortally wounded and
surviving animals. The increase in lung weights over controls can be taken
as an index of the amount of blood and edema fluid present in the lung as a
result of exposui'e' to oirérpressure. Aléo, this increase in lung weight can’
be roughly correlated with the severity of biast, as set forth graphically in
Figures 7 through 10. o '

The figures show that the lung weights of exposed animals increased
rapidly with increasing overpressure and then tended to level off. In general,
the lungs of fatally injured animals were, on the average, heavier than the
survivors in the corresponding pressure group. The instances in which the
peréent lung weights for surviving and dead animals were significantly differ-
ent at the 95 per cent confidence level are indicated in Takles 9 through 12.

It can be seen that the difference was significant for those pressure groups
near the LD50 if adeguate numbers of animals wer{e exposed. At the highex"
and lower overpressures-the number of animals surviving ard dying, respec-

tively, were too. small to allow adequate statistical comparison.

The variations in lung weight as a function of time of death is of inter-
est.’ Since the data for all species.were similar, only those for guinea pigs
are shown here in Fig. 11. That fhere was the gredte_ét_ va.rié.tion_ in the lung
weights for animals dying within about 5 min is evident. To the contrary,
those succumbing later exhibited less spread in the figures. The reasons for
the findings are not revealed by the present study, but it is evident that a sat-
isfactory view of the etiology of blast-produced lung damage and mortality

must recognize these facts.

In the course of the mortality experiments some animals were exposed
to sublethal pressures and the oocurrence of lung hemorrhage was inocidentally
noted. Tables 9 through 12 give the numter of animals showing this lesion

when it occurred in the low-pressure groups. While the results do not allow
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Table 9

Mouse. Lung Weights

Lung weights as percent of body weight

Reflected Survivors Fatalities

Group '~ pressure - Number of Number. of

number pei cases Lung weight cases  Lung weight
1} 7.6 30% 1.00%0, 17%% 0 - -
2 16.2 30 1.06£0.21 0 - -
3 22.8 37 1.29+0.22 3 1.81x0.37"
4 24.8 18 1.54+0.23 2 1.86%0. 35
5 29.7 10 1.4620.32 19 1.800. 30!
6 35.5 0 - - 20 1.98+0.27
7 3%.1 3 1.62%£0,.48 27 1.63%£0.25
8 40.3 1 1,31 - 29 1.71£0.25
9 45.5 0 1.67%0.26

- - 10

* There were 17 mice in this group that sustained a slight degree
hemorrhage.
%% The mean and standard deviation.

of pulmonary

t Indicates the mean was significantly higher than that of the corresponding

survival group at the 95 percent confidence level.

The mean percent lung weight and standard deviaiion for 100 control mice

was 0,88 = 0.03.

22
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Table 10

Rat Lung Weights

Lung weights as percent.of body weight

Refle cfed Survivors - Fatalities

Group pressure . Number of Number of .

~number psi cases Lung weight cases Lung weight
1 18.6 10% 0.65%0, 123 0
2 30.8 25 1.05+0. 29 0
3 36.4 32 1.35+£0.33 3 1.95%0. 09!
4 38.0 13 1.58%0.24 17 2,25%0, 45!
5 39.3 5 1.67+0.48 15 2,21%0.35!
6 41.8 1.52+0.26 21 2,23%0,37!
7 46.5 1 1.77 - 14 2.30%0. 34

*Eight of these ten animals sustained a slight degree of pulmonary hemorrhage.
*%The mean and standard deviation.

'Indicates the mean

survival group.

was significantly higher than that of the corresponding

The mean percent lung weight and standard deviation for 75 control rats was

0.71+0.09.
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Table 11

. Guinea Pig ng Weights

Lung welghts as. percent of body weight

Reflected ' Survivors Fatalities .
Group pressure Number of P Number of -
number - psi cases "~ -Lung weight cases Tung weight
1 9.2 9 © 0.70%0,06% 0
2 17.5 18%% 0.68%0.12 0
3 22.4 15 0.990.33 0
4 27.7 17 1.09%0.27 4 1.85%0. 40"
5 32.4 25 1.32%0,45 8 1.86+0,52¢
6 37.3 11 1.55£0.37 13 1.98+0. 32!
7 41.5 | 1.90£0. 48 38 2.30%0.55
8 45.6 o - - 12 1.92+0.39

*The mean and standard deviation.
*%*Five of these 18 animals sustained a slight degree of pulmonary hemorrhage.
' Indicates the mean was statistically higher than that of the corresponding
survival group.
'~ The mean percent lung weight and standard deviation for 31 control guinea
pigs - was 0.83+0,15..
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Table 12

Rabbit- Lung Weights

Lung weights as percent of body weight

Reflected Survivors Yatalities

Group pressure Number of Number of

number psi. cases Lung weight " cases Lung weight
1 6.4 2 0.91£0.24% 0
2 17.7 8k 0.62+0.12 0
3 23.5 ‘8 0.86%0.38 0
4 27.4 8 0.87+0.41 0
5 30.7 12 1.16+0.22 2 1.25:+0.02
6 34.5 8 1.30+0. 36 6 1.62+0.17
7 37.8 5 1.15+0.17 7 1.55+0.21"
'8 41.2 1 1.22 - 11 1.50+0. 15
9 45.6 0 - - 6 1.56:£0.31

*The mean and standa.rd deviation.
#¥Seven of these eight animals sustained a sl1ght degree of pulmonary

hemorrhage.

~ !Indicates the mean was significantly hlgher than that of the corresponding

survival group.

The mean percent lung weight and standard deviation for 46 control rabbits

was 0.54 £ 0,13.
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a threshold in terms of overpressure to be established for lung hemorrhage,
it can be said that the finding was quite prominent as low as about 7 psi for

the mouse and between 17 and 18 psi for the othér three species.

Arterial air embolism. The numbers of fatally blasted guinea pigs and

rabbits in which coronary and cerebral arterial air emboli were visualized
during post mortem examination are listed in Tables 13 and 14, grouped to
show the relation to overpressure. Air emboli were noted in the coronary
arteries of 47 per cent and 22 per cent of fatally wounded guinea pigs and
rabbits, respectively, whereas air emboli were seen in the cerebral arteries

in 41 and 31 per cent of the two species, respectively.

Coronary air emboli were not visualized in any of the surviving animals
nor in those who died after 10 min. Figure 11 shows the individual occurrence
of coronary air emboli for the guinea pig as a function of time. It is evident
from the figure that the incidence of air emboli in mortally injured animals
increases with increasing lung weight and is very high in animals dying within

the first and second 5-minute periods.

Coronary and cerebral air embolism were not assessed in mice and rats
in this study; however, in subsequent experiments arterial air emboli were
observed in the coronary arteries of both species with the aid of optical equip-

ment.

Hemothorax and pneumothorax. The occurrence of hemothorax and

pneumothorax in the four species of animals studied is summarized in Tables
15 through 18. The data were grouped to show these signs in surviving and
fatally wounded animals as they varied with ove rpressure. Except for the
guinea pig, hemothorax was a common lesion produced by the blast especially
in fatalities associated with exposure to the higher overpressures. On the
average — again excepting the guinea pig — there was a highly significant statis-
tical difference between the incidence of hemothorax in survivors and in mor-
tally injured animals, as noted in the probability figures in Tables 15 through
18. The figures were obtained using thé chi square t:es1:7 and apply to the
total figures shown. With regard to the exceptional findings of a low incidence
of hemothorax in the guinea pig, it may be significant that this specie‘s — com-

pared with the rabbit at least — showed a high average incidence of coronary

=31~




Table 13

The Incidence of Arterial Air Embolism in Guinea Pigs
Killed by the Blast*

: Reflected Number Number with Number with
Group . pressure of ‘coronary cerebral
number psi deaths _ air emboli air emboli

1 9.2 0 - - .
2 17.5 0 - -
3 22.4 0 - -
4 27.7 4 0 0
5 32.4 8 4(50%, 3(38%)
6 37.3 13. 3(23%) 3(23%)
7 41.5 38 22(60%) 18(47%)
8 45.6 12 6(50%) 7(58%)
Totals 75 35(47%) 31(41%)

#Air emboli were not found in the circulatory system of any of the guinea
pigs that survived the two hour postshot period.
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Table 14

The Incidence of Arterial Air Embolism in Rabbits
Killed by the Blast*

Reflected Number Number with -~ Number with
Group pressure of coronary . cerebral
_n_umber . psi v deaths : air emboli : air emboli
1 6 4 0 - , -
2 17.7 0 - -
3 23.5 0 - -
4 27.5 0 - -
5 '30.7 2 0 | 0
6 34.5 6 0 ‘ 0
7 37.8 7 2(29%) 2(29%)
8 41.2 11 4(36%) 6(55%)
9 45.6 6 1(17%) 2(33%)
32 7(22%) . 10(31%)

Totals

¢Air emboli were not found in the circulatory system of any of the rabbits
that survived the two hour postshot period.
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Table 15

The Occurrence of Hemothorax and Pneumothorax in the Mouse

Reflected © Survivors ' _Fatalities

shock = Number No, with No. with Number No. with No. with
Group pressure of ~hemo- pneumo- = of . hemo- -pneumo -
numbers pst . cases -thorax . .thorax cases. thorax thorax
1 7.6 30 0 0 0 - -
2 16.2 30 1 0 0 -- --
3 22.8 37 6 1 3 2 0
4 24.8 18 5 1 2 0 0
5 29.7% 11 3(27%)- 0 19 3(16%) 0
6 35.5 0 - - 20 8 1
7 39.1 3 1 0 27 18 6
8 40.3 1. 1 0 29 20 3
9 45.5 0 - - 10 5 1 »
Totals®* 130 17(13%)  2(1.5%) 110 56(51%)  11(10%)
*Computed I..D50 = 29.0 psi,
#¥Probability of significant difference: Hemothorax, <<0. 001; Pneumothorax,
0.01 -.0.001.
-34-




Table 16

The Occurrence of Hemothorax and Pneumothorax in the Rat

Reflected ~Survivors ‘ Fatalities

_ shock Number No. with No. with Number No. with No.. with
Group pressure - of- - hemo- pneumo- . = of _-hemo- pneumo-
numbers psi ‘cases thorax . thorax cases thorax thorax

1 18.6 10 0 o 0 - -

2 30.8 - 25 0 0 0 - -

3 36.4 32 7 0 3 R | 0

4 38.0% 13 4(30%) 0 17 5(29%) 0

5 39.3 5 0 -0 15 1 0

6 41.8 4 0 0 21 9 "3

7 46.5 1 1 0 14 6 1
Totals** 90 12(13%) 0 70 22(31%) 4(6%)

*Computed LDy, = 38.6 psi- .
_*%*Probability of significant difference: Hemothorax, 0.01 - 0.001; Pneumothorax,
0.05 - 0.02. )
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Table 17 -

The Occurrence of Hemothorax and Pneumothorax in the Guinea Pig

Reflected Survivors - Fatalities

I shock Number No. with No., with Number No. with No. with
Group ) pressure of hemo-  pneumo- of hemo- pneumo-
numbers psi cases thorax thorax cases thorax thorax

1 9.2 9 0 0 0 - -

2 17.5 18 0 0 0 - -

3 22.4 15 Y Y 0 - -

- 4 27.7 17 0 0 4 0 0

5 32.4 25 0 0 8 0 0

6 37. 3% 11 0 0 13 0 0

7 41.5 7 1 0 38 2 0

8 45.6 0 - - i2 0 0
Totals#* 102 1(1%) 0 75 2(3%) 0

*Computed LD50 = 35.2 psi

*¥Probability of significant difference: Hemothorax, 0.5 - 0.3,
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Table 18

The Occurrence of Hemothorax and Pneumothorax in the Rabbit

Reflected Survivors ] - Fatalities

) shock Number No. with No. with Number No. with No. with
Group pressure ~ of hemo-  pneumo- of hemo- pneumo-
numbers psi cases thorax  thorax cases thorax thorax

1 6.4 2 0 0 0 - -
2 17.7 8- 0 . 0 0 = -
3 23.5 .8 0 0 0. - -
4 27.4 8 0 0 0 - -
5 30.7 12 0 0 2 1 B
6 34.5% 8 1(13%)  1(13%) 6 1(17%) 0
7 37.8 5 0 0 7 3 2
8 41,2 1 0 0 11 5 3
9 45.6 0 - - 6 3 1
Totals#* 52 1(2%) 1(2%) 32 . 13(40%) 7(22%)

*Computed LDy, = 35.6 psi _ ‘
*¥Probability of significant difference: Hemothorax, <<0.001; Pneumothorax,

0.01--0.001. -
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air émbdlism, as noted in Tables 13 and 14. Over-all, 47 and'zi per c!ent bf
gmnea p1g and rabb1t fa.ta11t1es, respectwely, .exhibited: coronary air emboh
In some of these cases hea.rt failure could have occurred very early. Th1s
event would tend to lower the blood pressure and perhaps minimize the ioccur-
rence of hemothorax; certainly, it would sharply curtail luixg hemorrhage and,
_ thetéfor'e', the asso_ciation of low lung weights with fatality would be exﬁected
in some cases. That this inc.lieed' occurred was noted above and is documented
.fc‘nj-the.gvuinea pig in Fig. 11.

In contrast to hemothorax, pneumothorax was a relatively'infrequent
! f1nd1ng in fataht1es and was very rare in 2=hr survivers. Tables 15 throngh
- 18 show that only 1.5 (2 animals) and 2.0 {1 animal) per cent of surviving mice
and rabbits, respectlvely,. exhibited pneumothorax, whereas only 10, 6, ‘and .
22 per cent of mortally injured mice; rats, and rabbits, respectively, showed

this sign. Pneumothorax was not noted in any of the exposed guinea pigs.

In spite of the low incidence of pneumothorax, there was, on the average,
a significant difference between fatally wounded and surviving animals. The
probabilities were much less than one ina hundred that the differences noted
in mice and rabbits were due to chance alone. In the case of the rat, the
probabilities were less than five in a hundred that the observed occurrence of
pneumothorax among survivors and fatalities- was significantly different. (See .
" Tables 15 through 18.) |

I:itra’-alb'donﬁnal'-lesiohs . Major injuries to the abdominal viscera noted

during post -mortern examinatien involved mainly the spleen and the gastroin- -
testinal tract. THese 1es1ons commonly consisted of ‘subcapsular contusions’ of_
the spleen and hemorrhagic areas in the 11n1ng of the stomach and large intes-
tine.  Yet rarer, and associated usually with exposure to. the higher overpres- -
sures_, were rupture: of these Qrgan§ Hemoperitoneum was noted in cases of
v “rpptunedﬂc;rga,nis», but on :two__.-oc,c:a.‘si‘dns the source of intraperitoneal ‘bieeding
"was not estabii_shed-. ’ |
The incidence of these abdominai,sig_ns for guinea pigs and ra_bbi‘i:‘s:_is‘-

_.sur'nmatri'z"ed- in Tables 19 and 20, respectively. The data wexie,,'ar'ra.pg'éd to
ailow corppa.risbn of animals surviving 2 hr with those killed by the blast aﬁd

to show the relation to overpressure.
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Table 19

The Occurrence of Intra-abdominal Injuries in Guinea Pigs

i

Survivors , Fatalities B
Pressure .. Spleen . . Stomach Intestinal Spleen Stomach intestinal
group n contused hemorrhage hemorrhage n contused hemorrhage hemorrhage
t 9 0 0 0 o - - -
(9.2) ‘
2 18 . 0 10 4 0 - - -
- {(17.5) ,
3 15 2 (2)* 7 12 0 - - -
(22.4)
4 17 5 (1) 14 7 4 0 2 3
(27.7)
5 25 3 {2) 20 23 8 4 (4)* 8 8
(32.4) 11 %% 81% 89% 38% 81% 100%
6 i1 1 (1) 9 9 13 4 9 13 (1)
(37.3) . .
7 7 4 7 7 38 24 (8) 35 (2)% 38
(41.5) ,
8 0 - - - 12 12 (7) 12 (1) 12
(45.6)
Totals® 102 15 ('14. 7%) 67 (65.7%) 62 (60.8%) 75 44 (58.7%) 66 (88.0%) 74 (98. 7%)
*The number of cases with rupture of the indicated organ enclosed in parentheses.
**The percentage incidence obtained when groups 5 and 6 were combined (computed LD - 35. 2 psi).

tProbability of significant difference: Spleen, <<0.001; Stomach, <0.001; Intestine, <

2%.0




R . ‘Table 20
The Occurrence of Intra-abdominal Injuries in Rabbits

o e Survivors . 7 , Fatalities
Pressure Spleen Stomach Intestinal Spleen Stomach Intestinal
group n contused” hernorrhage~  hemorrhage n contused - hemorrhage hemorrhage
1 2 0 0 0 - 0 - - -
(6.4)
2 . 8 0 - 1 1 0 - - -
(17.7) . S S o . , :
3. 8 0 5 2 0 - - -
(23.5) . '
4 8 0 o 6 3 0 - - -
- {27.4)
L 5 12 0o 5 8 (1)* 2 0 \ 1 {
o (30.7) : : :
6 8 0o 3 5 (1) 6 1 t 3 (1)
(34.5) ok
T 8k 62% 62% 23% 46% 69% _
7 5 1 5 3 7 2 5 6 (2)
(37.8) )
8 1 0 i 1 11 3 6 9 (1)
(41.2)
9 0 - - - 6 2 2 5 (1)
(45.6) - .
Totalst 52 1 (1.9%) 26 (50.0%) 23 (44.2%) 32 8 (25.0%) 15 (46.9%) 24 (75.0%)
*The number of cases with rupture of the indicated organ enclosed in parentheses.
ad 7 were combined (computed LD_, = 35.6 psi).
{; Stomach, 0.80 - 0.70; Intestine, 0.01 - 0.001,

**The percentagp incidence obtained when groups 6a
tProbability of significant difference: Spleen, <0.00



"In the case of the guinea pig, contusion of the spleen and hemorrhage of
‘the mucosa of the stomach and intestines were prominent signs in both surviving
and mortally wounded animals. Though the total figures showed a highly signii-
icant difference between the two groups, the probability being much less than
one in one thousand that chance alone was responsible, it is true that this differ-
ence was much less marked and only significant (p = 0.01-0.02) for contused
spleens when the comparison was made for animal exposure near the LD50 over-
pressure, as shown by the percentage figures near the center of Table 19. This
probably means that the abdominal signs were not critical with regard to early
mortality, though they could have been contributing factors. The latter might
be particularly true with regard to splenic rupture which occurred in only 3 of
36 surviving animals éxpO‘sed- near the LD50 pressure, but in 4 of 21 fatally
injured animals subjected to the same overpressure. Over-all, however, there
were 6 and 19 ruptured spleens observed in surviving and "fatal" groups, re-
pectively. Even less frequent were three ruptures of the stomach and one

rupture of the large intestine seen in mortally wounded guinea pigs only.

The rabbit, as shown in Table 20, exhibited fewer abdominal signs than
did the guinea pig. Even so, except for hemorrhage of the stomach mucosa,
there was an average difference that was quite significant between the incidence
of splenic contusion and mucosal hemorrhage of the intestine as recorded in the
surviving and fatally injured groups. Cor‘nparison‘ near the LDSO overpressure.
as was the case with the gunea pigs, showed less marked differences between

dying and surviving animals. Too, there were only two and five ruptured large

intestines in the latter and former groups, respectively.

. In contrast to the guinea pigs .and rabbits, only 9 rats and no mice among
all animals exposed. sustained mucosal hemorrhage of the gastrointestinal tract.
Lesions of the stomach and spleen were remarkable by their absence in rats

and mice, as was also the case for liver damage in all four spec1es of ammals

Eardrum ruptu.re. -'I‘hou_.gh‘the eardrum data will be-presented_ else:where.

it is well to note here that except for the lowest pressure groups included in this
study, the magnitudes of the ovefpressures were well above those necessary to

rupture all the eardrums of the four animal species.12 For example, _the:re..wa.s

100 per cent rupture of the ;tym‘panic'membrane in all guinea pigs above pres-

sure group 1 (see Table 4). In group 1 the range of maximal overpressure was
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from 9.1 to 9.5 psi and perforation of the eardrum occurred in 95 per cent

of the ears exposed.

DISCUSSION

General

By way of discuséion and to amplify the meaning of the data reported
above, attention will be directed first to the results of other recent experi-
ments which, like those reported here, were designed primarily to establish
the relation between interspecies mortality and single-pulse, ''fast''-rising
overpressures of various magnitudes and durations. Second, significant and
interesting observations incidentally made during such studies will be noted
wherein they bear mostly upon the acute biological consequences of exposure.

Too, pertinent and related information frem the literature will ke cited.

The Overpressure-Duration Relationship

To date — including the present study — three series of experiments,
each involving similar instrumentation and sizable numbers: of aniimals, have
been completed in investigations of the biclogical significance of the pressure-
duration relationship for single-pulse, 'fast''-rising overpressﬁres. The
overpressure durations employed covered a wide range and were 6-8 sec,

400 msec,13 and 3-4 msec (the present study); mice, rats, guinea pigs, and
rabbits were used plus dogs and goats for the 400 msec series; 'all‘species
exposed to blast, except the dogs and goats for which a harness was used,

were located in cages bolted against the end-plate of a suitably designed and

instrumented shock tube. The LD50 data are summarized in Table 21 which

also details the number of animals in each experimental series.

A study of the table will convince the reader that the maximal over-
pressures required to produce 50 per cent acute mortality in mice, rats,
guinea pigs, and rabbits were essentially the same for each individual species

even though the overpressure durations ranged from 3-4 msec to 6-8 sec.

That this might not be true for shorter duration overpressures and for
larger animals was alluded to in the introduction. Specifically, Fisher et a.l‘.8
reported LD figures for rabbits, monkeys, and goats near 55, 94, and 200

psi, respectively, using small high~-explosive charges and, therefore, ''short''-




Table 21

Maximal S'iﬁgle Pulse "Sharp''-rising Overpressures
of Indicated Duration Required for 50 Per Cent Mortality

Maximal overpressures of indicated durations producing
a mortality of 50 per cent

- % -
Species ) @sec,LD T 400 msefg‘ — 3-4 mse<£‘>‘:;;< . Total
of : No. 50 No.- 50 No. 50 number
animal animals psi animals psi animals psi animals

Mouse 115 29.8%1.1 140 30.9£0.5 240 29.0%0.6 495
Rat 55 38.720.6 164 36.320.5 160 38.620.8 379
Guinea pig 140 36.720.7 96 35.2#0.6 177 35.2+0.8 413
Rabbit - 145 33.421.2 104 32.4%1.3 84  35.60.8 333
Dog o 35 50. 7+1. 2 35

8 30

Goat ‘ . ' 30 53.0x2.

Totals - 455  569 - 661 1685

*Lethality in'1 hr,
#**Lethality in 2 hrs.
+The plus or minus. flgures represent the standard error.



duration overpressures. Benzinger1 and Scha.rdin16 also’ cited a figure over

50 psi for the lethal limit for guinea pigs, again applying to small high-explosive
charges. These data all indicate that for small enough charges and thus, short
enough durations, the overpressure required for a given -mortality increases

éharply.

The same statement apparently applies qualitatively to larger animals as
the findings of Desaga for dogs5 noted in the introduction indicate. However and
quantitatively for the larger é.nimal, the overpressure duration shorter than which the
overpressure for lethality rises markedly is longer than it is for smaller ani-
mals. This fact is consistent with results for animals the size of cows as

Desaga has reported5 in highFexplosive studies employing charges of 4400 lbs.

Recent, but as yet incbmplete, carefully instrumented experiments in
Albuquerqxie ﬁsing high-explosive ch/arges\ from a few ounces to 64 Iks has con-
firmed the earlier fihdingé cited above. Figure 12 graphically summarizes
these and similar data from the literature. The latter information was selected
to include only éxperiments for which both overpressure and duration were either

‘ measured or‘could be scaled with reasonable reliability from published infor-
mation. The figure shows the létha.lity curves for Ylarge' and "small" animals

as-a function of maximal overpressure and pulse duratien. Though it is appar-

ent the data are as yet somewhat fragmentary, particularly for the larger ani-
" mals, it seems clear that: first and generally, for "sharp''-rising overpres-

'_ sures there is a "critical” pulse duration shorter than which the overpressure for
‘ mortality rises rapidly and thus, both overpressure and pulse duration are
definitive for lethality; second and also generally, for overpressures longer
than the critical duration, it is only the magnitude of the overpressure that is

significant for lethality or damage; third and more specifically, the critical

duration varies with animal size, being on the order of many hundreds of micro-

seconds to a very few milliseconds for smaller animals and a few to many tens

of milliseconds for larger animals.

A more precise understandmg of the pressure-duration relat1onsh1p must
await add1t1ona1 data to better define the critical duration for each species and
to establish the shape of the pressure-duration curves for minor and serious

injury as they apply to mammals below and above the weight of man. Similarly,

4.
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tolerance for the very young and very old yet remains to be investigated if.
the predi-c‘:tio‘n‘s for the human case noted in the introduction are to be further ‘ .

refined.

The interspecies data.pr.eseﬁted‘ip Fig. 12 reveals one other point of
interest; namely, ‘the close correspondence between the mortality figures
obtained with the shock tube on the one hand and high-explosive charges on-the
other. It is significant that the shock-tube data represent maximal pressures
which resulted from the reflection of the incident pressure .aga.ivnst,the end- .
plate of the tube. Thus, the animal was exposed to the incident pressure and
its reflection almost instantaneously. The feéent high-explosive experiments
in Albuquerque, giving quantitatively similar results, also were arranged to
allow exposure of the animals_ almost instantaneously to the incident préssure
and its refléction; e.g., animals were located on a concrete ‘pad' beneath the
explodéd charge. To the contrary, animals exposed on the ground to blast
from high-explosive charges detonated on the -ground are subjected to-a maxi-
ma;l.pr-e‘ssure’ which is equivalent only to the incident pressure Again, simi-
lar results are obtained as shown by Fig. 12. Thus, all éther_ﬁaet:fom:inéluding
pulse duration be"ing equél, it'is'the maximal overpregsure that is important
and it matters not whether this is the i;iéident or the "Ai-:nkcident. plus the reflected

pressure, providing the ‘last two are gp;glied’falmbst",n instantaneously. However,

if ‘the -i'ising phase of ‘the overpressure is slowlo»or occurs in two steps, as it
does if an animal is mounted at various distances from a reflecting .sfi;i'fa;ce,i- 1,20
a circumstance which allows appreciable time between the _appli'cation.of the in-
Ci"denti-wand the reflécted pressure, then much greater maximal pressures are
required for lethality.
These fa¢ts are important in estimating biological blast effects as a
function of explosive yield and r.a.hge,; e.g., if circumstances allow exposure to-
sharply-increasing, maximé)l reflected pressures, the range for a given effect
would be much greater than would be the case if exposure 6h1y to the maximal. -,

incident pressure were involved. |

The Mortality-Overpressure Relati oﬁéhip ‘ .

Thereé are at least three points of interest concerning the present and other
‘similar studies ,which are related to the observed relatio'nship.-between“ the magni-
tude of the ove rpressﬁre and lethality. The first is the fact that the probit analy-
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sis of Finney,6 a technique for linearizing "Sv"r‘-shaped mortality curves, was
used to analyze the 'da..tax.. Smce this technique presents mortahty in units which
are multiples of the standard deviation above and below the 50 per cent mortality
point as a function of the log of the maximal overpressure, it is well to realize
that Fig. 5>presents a s-tatistieaily "weighted' situation in which the data points
closest to the 50 per cent mbrtality have greater importance than those with .
either very high or very low mortality. One reflection of thisg is the "artificial"
widening of the 95 per cent confidence lines at the h1gher and lower ends of the

mortality scales,

Second, av._nd‘relatedto the above remarks, is the fact that among the
several species of animals there was a spurious variation in the groupings :of -
pressure and hence in the data points for each species; e_-.g.‘._ ‘sometimes there
were two. poi‘nts _a.bove and below the 50 per cent mortality value as with the
rabbit; sometimes theré were four points above the probit value of 5 and one

‘below as was,the case with the rat; and sometimes the pressure groups were

not symmetrically located about the 50 per cent value. : Relev..a.ntl to the discus-

" sion is. the ste'epness_of‘_the probit rhortality lines; i.e., because there is not
much variation in pressure between low and\'high mortality along with the innate
variability in biologic response to pressufe ,'ifariation, it is difficult to choose’
‘and achieve an'ideal disti;ibutioh of data points. ' Experience, however, has shown
that these spurious factors do not influence the LDSO values very much;, as can
be seen by studying Table 21. However, the oppos1te is true as far as the- s:lopes
of the probit;regr‘essio'n eQuatlons are concerned; i.e.; these values are miuch
more sensitive"to'data points at the high and low end of the. mort‘a'lity range, af.a
study of Table 6 a.nd F1g 5 will show. pa.rtlcula.rly in the case of the-rat, the
spec1es in wh1ch the slope of the. regressmn line was, quite d1fferent than for the

other three spec1es .

Th1rd .and also related-to the spur1ous var1at1on in the pressure ‘groups
as they might influence =.the.analyt1ea1 t.re_atment of the data; is the time at-
Whi:ch‘x'hdrt'alit‘ytis assessed. This is important because, on the average;
animals exposed to overpressur.es well above the LD50 values tend to diesooner
thau those exposed to pressures which are well below the 50 per cent lethality
figure. Th1s means that the time factor mlght influence not only the slope

constant, but also the LD50 flgures as well.. That the latter indeed occurs
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is illustrated by Table 22 summarizing data from a recent study7vshowing the
diffe_x;eﬁce 1n .LD50
24 hours, as well as at 2 hours as noted in the 400 msec values pr¢éented in

Table 21. Attention is dire'cted to the rabbit figures in Table 22 showing a

values when mortality was arbitrarily assessed at 1 and

, change in the LDSO values from 32.7 psi for 1 hr mortality to 29.6 psi for
24 hr mortality. A similar drop in the LD, figures is also apparent for the
dog. ' ‘

In spite of the variability introduced by the time factor just mentioned

and the spurious location of data points about thg LD50 values, there is a sur-
prising stability in the results obtained to date for the several species as a

~ study of Tables 21 and 22 will show. Even ’so, considerable care in data anal-
ysis is rquiréd and it reniéins for the future to confirm or deny that (a) the |
slopes of l'the‘Aprobit curves are in reality fairly constant among the several
species, and (b) the’ ."LDSO values are significantly different than those now
available when mortality studies are carried on over a matter aof days and weeks

instead of hours.

Time of Death

" The early death of mortally wounded animals, shown in Table 7 and Fig.
6 and noted in previous studies as characteristic of severe injury from primary
blastﬁ20 and violent impa,ct,15 deserves considerable emphasis for several
reasons. First, the cumulative mortality-time curves of Fig. 6 are remarkable
in that they followed about the same pattern for each species, which fact strongly

suggests that all animals died of a common blast syndrome.

_ Second, the mortality-time curves tentatively can be viewed as helpful in
assessing the;probable cause of death. For example, the initial steep portion
of the curves covering the first 5 to 10 min might well be due to either massive -
hemorrhage or massive arterial air emboli involving the heart and/or the central
nervous system. The following less steep portion of the curves could indicate
death from suffocation, if hemorrhage continued or bloody froth obstructed the
airways, or from ‘progressive embarrassment of the heart by air emboli. The
final and flatter portion of thé curve might involve cardiac and pulmonary em- .. .
barrassment due to the development of pulmonary edema, poor oxygenation of

the blood, elevation of pulmonary and venous pressures with consequent failure
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Table 22

Variation in the Maximal ""Sharp''-rising Overpressures
of 400 Msec Duration Required for 50 Per Cent Lethality
When Mortality is Assessed at 1 Hour, 2 Hours, and 24 Hours

Maximal overpressure (incident or reflected) required

- ' for 50 per cent mortality at the indicated times - in psi
Species | { hour o 2 hours 24 hours
E Mouse 31.4%0.5 30.9 0.5 © 30.7%0.6
Rat 36.6 £0.5 36.3+0.6 36.3+0.6
, Guinea pig 35,4 0.6 35.2 0.6 34.5 £ 0.6
: Rabbit 32.7+1.4 32.4+1.,3 29.6 0.9
Dog 52.2% 1.9  50.7%1.2 47.8 £ 1.1

Goat 53,0 2.8 53.0 £ 2.8 53.0x2.8,




of the right heart, and a critical fall in the systémic arterial pressure pro-

ducing é shock-like picture ending eventually in fatality. ‘ ‘

‘Third, the rapidity with which primary blast death ensues also has other
.important clinical impiications . Certainly, any thefapy to be effective in very
many cases must be instigated in a matter of ve ry few tens of minutes after
injury. This emphasizes the need for planned rescue operations By'trained
~ medical teams in cases of accidental explosions, say at powder plants or trans-

~portat10n centers handhng exploswes L1kew15e, the need for prophylactic
- measures to avo1d or rmmm1ze primary blast injury is brought into sharp focus
- and this sta.tement has s1gn1f1cance in the context of nuclear war as well as te_st

" and routine; commerical manufacturing operations.

Miscellaneous

Nasal and oral signs. 1Itis well to point out here that in other studies in

'Albuquérquen’ 13-1% the appearance of bloody froth and/or hemorrhage from the

nose and mouth has been observed in animals surv1v1ng exposure to blast. Con-

sequently, the absence of these signs in all survivors of the present study shown

in Table 8 should not be taken as applicable to all blast experience. However,

it is clear that such findings in any case of blast injury —and probably of thoracic

trauma — should alert the physician to the probable existence of severe and dan- l

gerous damage to the lung.

Experimental design. The comparisons, given in the results section, of

the incidence of various signs and symptoms in survivors and dying animals

deserves some comment. Since the current study was designed to establish
mortality-pressure relationships for '"sharp'-rising overpressures of 3-4 msec

duration, the animals surviving and expiring were few in number at the "high"

and "low'" ends of the pressure scale, respectively. Thus, the comparison of \

symptoms among mortally injured and surviving cases suffered because often

small samples had to be compared with large ones. It is clear that a careful

attack on symptomalogy, wherein definitions of signs and symptoms critical for

mortality were desired, would require specially designed experiments. The 4

ideal course would be to work very close to the 50 per cent killing pressure for -
each species. Thereby equal numbers of living and dyihg animals would be

available and the chances of obtaining the best comparative data would be much

enhanced.
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Combined injury. Also related to the design of the experiments reported

here is the fact that all animals were exposed in a manner to minimize displace-
‘ment on the one hand and eliniinafe blast energized' missiles on the other hand.
Thereby the biological effects mostly due to pressure ‘variations alone, we re
studied. Ammals aot 80 restramed would have baen subjected not only to the
additional trauma of differential displacement of: different portions of the body,
but also to gross bodily displacement which might prove damaging during the
;accelera.t_ive aud/or the decelerative phase.of such éxperience. Because of these -
facts, the reader should realize‘that' grave and even fatal blast injury, particu-
larly from missile or v1olent 1mpa.ct, rmght wall be as sooiated with much lower
overpressures than repowted here. Too, it is poss;ble that the threshold for -
pressure. effects might be lowered by the occurrence of other blast-produced
trauma. HoWever. 1t is hke\mse reahstic to point out that. real-life exposures

vto blast may occur in- situations Whlch minimize missi.e production and displace-
ment: This certainlv has occurred’ bz chance in explosive accidents and by plan
when’ protective structures have been utilized to minimize. blast injury and fatality.
Under such circumstances — trauma from displacement and missiles being mini-
mized — the effects of overpressure alone can be the.important. and critical
-hazard..

- .,S‘UMMAR.Y

1. Four species o1 amma.ls were exposed, .one’ m a cage. to shock tube~
produeed; "fa.ut”-nsing overpressures of 3-4 msec duration primarily to deter-
wmiine: the relationship between. mortality and the magmtude of the overpressure.

2 The maxzmal overpressures associated with’ 50 .per cent mortahty were
29:0, 38 6 35.2 and 35 6 psi for mice, rats, gumea pigs and rabbits, respec-
tively

.;3-. Times of death for mortally wounded ammals ‘were determmed over
_-a 120 .minute- period, ‘death’ occurred rapidly, the’ figures. showmg 65, 93, 96 and
100 m nm tst'authl vithin 5. 30, so and 130 minutes, rospoctivoly. ~ That such faoue
highhghted the. need for early therapy and prophylactlc protective measures was

pointed out and emphasizeﬂ

4 The a.ppea.ra.nce of’ blood -tinged froth and/or frank but transient hemor-

rhage at the nares and mouth was observed in 63 per cent of fatally jured ani-
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mals. These grave signs were seen in no animal surviving blast exposure in

this study though it has been seen in other experiments.

5. ,Characteristicvlung‘hemorrhage was the most serious lesion noted
and the severity of the lesion was, on the average, correlated with the magni-

tude of the overpressure.

6. Lung hemorrhage was observed in non-fatal exposures to overpres-
sures as low as 7 ps1 for mice and between 17 and 18 psi for rats, ‘guinea pigs
and rabb1ts v S -

7. An increase in lung weight expressed as a'per cent of body weight
was signif_icantly higher, on the average, in iatalities than in survivors. The ¢
greate"st variability. in lung weight was observed in animals expiring within 5
min. The increase of lung weight in fatal cases frequently was two- and three-
fold that of controls

N

8. Artenal air embolism wag observed in the coronary and cerebral
vessels of guinea pigs and rabb1ts but not in mice and rats (though in subse-
quent stud1es the latter two spec1es exh1b1ted these signs). Coronary air
emboli, on the average, appeared in 47 and 22 per cent of expiring guinea pigs
and rabbits, respectwely, wh11e the correspondmg figures for cerebral emboli

were 41 and 31 per cent

'_ 9. Coronary air emboli in guinea pigs were visualized in animals ex-
piring within 5 and 10 min, but not in animals dying later; neither were air

emboli seen in any animal sacrificed after 2 hrs.

10. The incidence of hemothorax, pneumothorax and intra-abdominal
lesions was tabulated m mortally wounded and survwmg animals. Hemothorax
was a common lesion in all expiring animals except the guinea pig. Pneumo-
thorax, in contrast, was.a relatively infrequent lesion being very rare in sur-
vivors. |

11. T1\1e averagevincidenee of hemothorax was 51, 31, 3 and 40 per cent ;
in fatally wounded mice, rats, guinea pigs and rabbits, respectively, and
except for the guinea p1g, th1s lesion was significantly more prominent than in

surv1vors

12. Pneumothorax was a relatively rare finding, showing an average in-
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cidence of 10, 6, 0 and 22 per cent in expiring mice, rats, guinea pigs and
rabbits, respectively. In survivors, only 2 and 1.5 per cent of rabbits and

mice, respectively, showed this lesion.

13. ‘Intra-abdominal damage in guinea pigs and rabbits included mucosal
hemorrhage of the stomach and intestines, contusion and rupture of the spleen
and rupture_ of the stomach and intestines. On the average, all abdominal signs
were significantly higher in fatal than in surviving cases except for mucosal

hemorrhage of the stomach mucosa in rabbits.

14. Selected data from the literature were reviewed and compared with
the present and other recent studies in Albuquerque wherein many hundreds of
animals have been exposed to single-pulse, "sharp''-rising overpressures

varying in duration from less than 1 millisecond up to 6-8 seconds.

18, A critical pulse duration, shorter than which the overpressure for mortality

- rises sharply and beyond Whlch only the magnitude of the overpressure is de-

finitive for mortality, is apparent for each animal species.

16. 'i-‘hevcritical pulse duration varies with animal size and is on the order
of many hundreds of microseconds to very few milliseconds for smaller animals,
- (mice, rats, guinea pigs and rabbits) and a few to many tens of milliseconds for

larger animals (dogs, goats and cows).
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