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The dose responsiveness of selected physiologic indices was From the U.S. Army Institute of Surgical Research,
studied in a sheep model of smoke inhalation injury. In this Fort Sam Houston, San Antonio, Texas
model, graded severity of injury was achieved by changing the
contact time with smoke (defined by "unit"), whereas other
variables were kept constant. Blood gas and cardiopulmonary
indices were measured in 70 sheep, including 12 controls, ei-
ther 24 or 72 hours after exposure to 3, 6, 9, 12, 15, or 18 units quence. - In recznt vears early diagnosis of smoke in-
of smoke. A 12-unit dose of smoke was fatal within 72 hours halation and evah ion of its severity have achieved
and an 18-unit dose was fatal within 24 hours. The best corre- wide clinical interest, but even now the pathophysio-
lation between smoke dose and response was observed ii arte- logic mechanisms of the injury are not clear. Although
rial oxygen tension 24 hours after exposure. At 24 hours, most several animal models have been developed to study
of the cardiopulmonary indices showed significant change only
after a 12-unit exposure. Although the exact shape of the such mechanisms, they have either been smal' animal
dose-response curve could not be defiied, sigmoid or curved models5 8 or failed to permit control of severit) '- 2 We
linear shape was suggested, reflecting the progressive deterio- have developed a sheep model of smoke inhalr 'ion in-
ration. jury that is reproducible and dose-responsive.

Sheep are large enough to allow detailed ph ;iologic
MOKE INHALATION INJURY is one of the primary monitoring and frequent blood sampling. 3 4 A tech-
determinants of survival after major burtis.' The nique for lung lymph cannulation has also be( , estab-
significance of pulmonary injury due to smoke lished for sheep. 5 In this model, dose respoi .iveness

inhalation in burn patients was not widely realized until was assessed by changing the duration of smoke expo-
th 970s, although antecedent work by Phillips had sure to the lung while keeping other factors that influ-
indicated the likelihood that such injury was of conse- ence severity unchanged. The severity of smoke ihala-

tion injury is related to smoke temperature, ci ;mical
The opinions or assertions contained herein are the private views of and physical composition of the smoke (gas, vapor, and

the authors and ir e ot to be construed as official or as reflecting the particle), contact time (time exposed to smoke), and
views of th- I :,partment of the Army or the Department of Defense. contact area (depth of breath). In the current system, the

Citati,. f -t-omrnmercial organizations and trade names in this re-
r, do nt cotnstiltitc ati oificial Department of the Army endorse- smoke was equilibrated at ambient temperature to ex-

00201 , approal of thc products or services of these organizations. elude all possibility of thermal injury to the airway. The
hii vonluetiro,, t, icsearch described in this report, the investigators animals were exposed to a volume of smoke propor-

,dher ,'knimal Welfare Act and other Federal statutes and tional to their body weight. The severity of injury in a
iclmd: li, clating to animals and experiments involving animals and spontaneously breathing animal is also influenced bywitll the Guide-for the Care and Use of Laboratory Animals, National
Institutes of Health Publication 80-23. hyperventilation in response to the carbon monoxide

Osaka University Medical School, Department of Traumatology, content of the smoke. 6 Spontaneously breathing ani-
Osaka, Japan. mals with elongated nasal passages, with epiglottic clo-

Reprint requests: U.S. Army Institute of Surgical Research, ATTN: sure, or with early bronchospasm may show further
Library Branch, Fort Sam Houston, San Antonio, TX 78234-6200. variability in severity of injury.'2 In this work, smoke
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history of smoke inhalation injury. Twenty-four or 72
hours after smoke inhalation, the sheep were reanesthe-

A -tized, intubated, and catheterized for the measurement
of pulmonary arterial and systemic arterial pressures.
After a 2-hour stabilization period, cardiopulmonary in-
dices were measured under anesthesia, using mechanical

G ventilation, a state that corresponds to the situation in
patients in an intensive care unit setting.

D F 'This report describes the dose dependence of alter-
ations in cardiopulmonary function after smokc inhala-

H, f tion.

E ,Materials and Methods

Animals

j One- to tvwo-year-old neutered male, commercially
available, random source sheep weighing 30.8 ±_ 4.3 kg

FIG. 1. Schematic presentation of smoke generator and smoke delivery (mean SD) were used in this study. The animals were

system. Disposable underpads are burned in the smoke generator.

Smoke is introduced through the copper pipe (D) to the volume-ad- housed in covered outdoor runs, treated for parasites,
justable metal syringe (G). Either smoke or air is introduced into the and fed commercial chow and water ad libitum. Base-
pump by clamping the other rubber connection. Animals are intu- line complete blood counts, total proteins, and blood
bated and connected to the outlet (H). Animals are insufflated with
smoke when the exhalation valve (I) is closed manually by pressing the chemistries were done 3 weeks before experimental use.
rubber bulb (J). (A) Damper; (B) Mesh; (C) Adjustable air inlet; (E) The animals were fasted for 24 hours before smoke ex-
Window; (F) One-way valve. posure and experimental use. Twelve sheep were used as

controls and 58 were exposed to smoke; 41 sheep were

composition, fluctuation of combustion was minimized studied 24 hours after smoke exposure and 17 sheep

by the relatively large size of the combustion chamber were studied 72 hours after exposure. Immediately after

(32 gallons, 122 liters), smoke inhalation, the sheep were housed in climate-

After smoke exposure, the sheep were extubated and controlled facilities at 74-76 F (24-25 C) and a relative

allowed to breathe spontaneously to assess the natural humidity of 40-50%.

Smoke Generation and Exposure

9 S I Smoke was produced by burning 10 disposable un-

derpads (45 X 52.5 cm, 40 g each, Hosposable, Inc.,
8 y A Bound Brook, NJ) made of polyethylene, wood pulp,

and nonwoven cellulose fabric. The smoke generator
7 iwas a 32-gallon metal container equipped with an air

inlet, a dampered chimney, a window, and smoke outlet

6 (Fig. 1). The smoke passed through a copper pipe (30
X 1.6 cm) into a volume-adjustable metal syringe,

5 IONE UN I T which permitted insufflation of either smoke or air. The

S 2 smoke reached ambient temperature during passage

OF SMOKE through the pipe and delivery system and contained
4 . 10-14% oxygen, 3-8% carbon dioxide, 0.7-2.2% carbon

monoxide, and other combustion products (methane,

3 ~ethylene, propylene, and acetaldehyde), but no cyanide-.
The experimental sheep were individually exposed to

2 AY 3, 6, 9, 12, 15, or 18 units of smoke. One unit of smoke
consisted of three successive exposures to smoke with a

1 tidal volume of 30 mL/kg and breath hold of 5 seconds

S 3 followed by 10 successive ventilations with room air

FIG. 2. Schematic representation of the "unit" of smoke. One unit is a (Fig. 2). The time required per unit was about 5 sec-
cycle comprised of three exposures to smoke (S I-S3) followed by ten onds. Before smoke insufflation, the sheep were intu-
short ventilations with air. See text for details. bated, anesthetized with methohexital sodium (9 mg/kg,
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Brevitai ® Sodium, Eli Lilly and Company, Indianapolis, an IL 282 CO-Oximeter (Instrumentation Laboratories,
IN) and paralyzed with succinylcholine chloride (0.7 Inc., Lexington, MA). Cardiopulmonary indices and
mg/kg). The sheep were extubated after smoke inhala- blood gas levels were measured every 30 minutes, and
tion. Of the 41 sheep studied 24 hours after smoke ex- the values measured after 2 hours of stabilization were
posure, six sheep were exposed to 3 units of smoke, eight taken as representative values.
sheep to 6 units, nine sheep to 9 units, seven sheep to 12 Necropsies were performed on all sheep dying sponta-
units, seven sheep to 15 units, and four sheep to 18 neously or sacrificed at the end of the experiments. A
units. For the 72-hour studies, seven, six, and four sheep complete set of tissues was fixed in 10% neutral buflred
were exposed to 6, 9, and 12 units of smoke, respec- formalin and processed by standard methods. The loca-
tively. tions of the tissue sample collection sites were midtra-

chea, tracheal bifurcation, right and left proximal and
Monitoring distal bronchi, apical and diaphragmatic lobes, and any

other morphologically significant foci.
Sheep were studied 24 or 72 hours after smoke inha- Data are displayed as mean ± SE. Regression analysis

lation. On the day of measurement, arterial and central by least-square technique was used to examine the linear
venous lines, a Swan-Ganz catheter (7F, American Ed- relationship between physiologic variables and the num-
wards Laboratories, Irvine, CA), a lung water catheter ber of units of smoke. Linear regression analyses in-
(American Edwards Laboratories), and an esophageal eluded the control sheep unless otherwise indicated.
balloon were inserted after general anesthesia and ir *u- Survival rate was analyzed by stepwise logistic regres-
bation. Anesthesia was induced with methohexital so- sion. Multiple comparisons were done by one-way anal-
dium (9 mg/kg) and maintained with alpha-chloralose ysis of variance (Tukey studen- d range method and
(0.05 g/kg, Calbiochem ®, La Jolla, CA) and the sheep the Student-Newman-Keuls multiple range test). Differ-
were paralyzed with pancuronium bromide (0.03-0.04 ences were considered significant at p < 0.05.7
mg/kg, Pavulon ®, Organon Pharmaceuticals, West Or-
ange, NJ). After the placement of catheters, the animals Results

were positioned prone and artificially ventilated. A vol- Sheep resumed spontaneous breathing soon after
ume-limited ventilator (Bear 2TM , Bear Medical Sys- smoke exposure, and breathing was supported by an
tems, Inc., Riverside, CA) with a tidal volume of 15 ambu-.bag until they were extubated. The sheep usually
mL/kg was used at a respiratory rate of 12 per minute. started walking within 10 minutes after smoke exposure.
Sigh ventilation with a tidal volume of 21 mL/kg was Sheep exposed to smoke showed symptoms such as
applied every 3 minutes to prevent atelectasis. Lactated coughing, wheezing, and frothing beginning 4-6 hours
Ringer's solution was continuously infused at a rate of I after smoke exposure. All sheep in which physiologic
mL/kg per hour. measurements were made could breathe spontaneously

Central venous pressure and pulmonary artery pres- and stand unassisted, although sheep exposed to 12
sure (PAP) were monitored with Statham P23Db trans- units or more showed distinct respiratory distress.
ducers (Statham Instruments, Oxnard, CA) and sys- Sloughing of the airway epithelium occurred consis-
temic arterial pressure was monitored with a Hewlett- tently in sheep exposed to smoke (Fig. 3). This pseudo-
Packard 1290A quartz transducer (Hewlett-Packard membrane formation was typically seen in major air-
Company, Waltham, MA). These pressures were re- ways and became progressively thicker in sheep exposed
corded on a Hewlett-Packard four-channel recorder to higher doses of smoke. At autopsy, almost complete
(Model 7754A). Respiratory indices were monitored occlusion of the trachea was seen in sheep that died
with a pneumotachograph (Model 17212, Gould, Inc., spontaneously 12 or more hours after exposure. Histo-
The Netherlands) for flow rate and tidal volume and a logic changes of the airways included disrupion, sweil-
differential transducer (MP-451, Validine Engineering ing, and loss of cilia (Fig. 4A). Increased numbers of
Corporation, Northridge, CA) for transpulmonary pres- inflammatory cells were common in the laminae pro--'
sure, with the pulmonary variables recorded on another priae, respiratory mucosae, and airway lumina. Surface
Hewlett-Packard four-channel recorder (Model 7754A). accumulation of mucocellular debris, often with ob-
Cardiac output was measured in triplicate by thermodi- struction, was associated with parenchymal congestion, 0
lution technique (cardiac output computer, Model edema, and atelectasis (Fig. 4B). These parenchymal 0
9520A, American Edwards Laboratories) and lung changes were most prominent in the dependent areas of
water was measured by thermal-dye double indicator- the lung.
dilution method (lung water computer, Model 9310, Mortality at 24 and 72 hours is shown in Figure 5. Six._
American Edwards Company). Blood gas analysis was units or less of smoke was not fatal by 72 hours, but
performed using an IL 1303 pH/blood gas analyzer and 12-unit doses were fatal by 72 hours. Therefore, 15- or C.,
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FIG. 4A. Histologic changes at 24 hours after exposure to 9 units of
6 smoke. Note the sloughing of necrotic tracheal epithelium (arrow), the

inflammatory cell infiltration (1), and the presence of a thick pseudo- N
membrane (M). (Hematoxylin and eosin, original magnification
x370.)

of 88.9 ± 1.2 torr (N = 12, electrode at 37 C). Sheep
exposed to 9 units or more had significantly lower PaO2
than the controls at both 24 and 72 hours after smoke
exposure. At 24 hours after smoke inhalation, PaO2 (y
= torr) was negatively related to the number of units of

smoke exposure (x = units): y = 90.0 - 3.24x (r2

= 0.646, N = 44, p < 0.01). The data were insufficient
for statistical analysis at 72 hours.

FIG. 3. Trachea of a sheep 24 hours after exposure to 9 units of smoke. At 24 hours, none of the sheep exposed to 9 units or
This photo illustrates the formation of a pseudomembrane (M) in the less of smoke showed significant depression of plasma
trachea and bronchi. The membrane is separating from the underlying
epithelium (arrows) and partially occludes the trachea and lower respi-
ratory tract.

18-unit smoke exposures were not studied for survival " '  ' ,:, """;"
or physiologic response at 72 hours. Eighteen-unit doses
were fatal by 24 hours; one of the four sheep receiving an I , ,.t",.,

18-unit dose died within 1 hour after exposure and three j , , -' ,

others died between 5 and 15 hours after exposure. Mor- ','
tality at 24 hours was well predicted by the logistic ,A. ... 11

model (mortality exp(y)/(l + exp(y)), where y , k . !,) ' ' ,
According to this equation, the best logistic regression . 'a ' , . ,

estimation of LD 5o at 24 hours was 14.7 units of smoke. - .:

Data were insufficient for statistical analysis at 72 hours.•.". "",,-. ..rCarboxyhemoglobin levels immediately after smoke """ / n ,I :" ,:, - ,' .'. ,

exposure are shown in Figure 6. Even 3 units of smoke 1:1 1." "
raised the carboxyhemoglobin level over 40%. Eighteen . . - .

units of smoke elevated the mean blood carboxyhemo-
globin level to 85.4 ± 2.6%. FIG. 4B. Parenchymal changes are shown. Occlusion of bronchioles

(arrows) by inflammatory cells and necrotic debris is noted with con-
The arterial oxygen tension (PaO2) of each group is comitant atelectasis (A), congestion (C, edema (E). and pneumonia

shown in Figure 7. Control sheep had an average PaO 2 (P). (Hematoxylin and eosin, origina; ..sagnification X370.)
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FIa. 5. Mortality at 24 hours (solid bars) and 72 hours (open bars) after
smoke exposure. Mortality is shown as percentage. Fractions on the
bars are actual number of dead sheep (numerator)/number of sheep aI
studied (denominator). Mortality at 72 hours for 15 or 18 units of 0
smoke exposure was not studied because 12 units of smoke was already 3 6 9 12 15 18
fatal by 72 hours.

DOSE OF SMOKE (units)
FIG. 6. Peak levels of carboxyhemoglobin (CO-Hb). Blood samples

pH (Table 1). Some of the sheep exposed to 9 units or were taken immediately after smoke exposure from the external jugu-
more had elevated plasma PaCO2 at 24 hours, but this lar vein.

was not a consistent finding (Table 1). At 72 hours,
surviving sheep exhibited no acidosis, but one had hy-
percapnea (PaCO 2 = 42 to"T). Pa 0 2 (torr)

Mean blood pressure (mBP, y = torr) also showed
dose responsiveness (Fig. 8) between 3 and 15 units of 100 -
smoke (x = smoke units) at 24 hours: y = 136.0 - 3.55x I
(r2 =0.439, N = 32, p < 0.01). Sheep exposed to 3 units 80 -
of smoke showed highly elevated blood pressure and I
those exposed to 12 units or more had significantly 60 -
lower blood pressure than others. The data at 72 hours
were not sufficient for such analysis. Sheep exposed to 40 -
12 units or more also showed significantly increased I
PAP at 24 hours (Table I).

Cardiac index (CI) was higher in the 3-unit and 6-unit 20
groups than in controls at 24 hours, but the difference t t
was not statistically significant (Table 1). At 9- and 12- 0 L -I- ' -I

unit doses, CI decreased progressively, but the CI of the C 3 6 9 12 15 18 6 9 32
15-unit group did not differ significantly from control. A .___ 24 h - - - J 72 h-
significant difference of CI was seen only between the
6-unit and 12-unit dose groups at 24 hours. At 24 hours, DOSE OF SMOKE (units)
the left ventricular stroke work index (LVSWI) of the FIG. 7. Arterial oxygen tension (PaO.,) of the control (C) and smoke-
12-unit group was significantly lower than the preinjury exposed groups. Crosses (+) show that all the sheep in that group had
level. No significant differences in total peripheral resis- died by the time of physiologic measurement. At 24 hours after smoke

inhalation, PaO 2 (y = tort) was negatively related to the number oftance index (TPRI) were noted in any group. units of smoke expsoure (x = units): y = 90.0 - 3.24x (r2 = 0.646,Pulmonary resistance (PR) was significantly elevated N = 44, p < 0.01). The data at 72 hours were not sufficient for

at 24 hours in sheep exposed to 9 units or more and at statistical analysis. Note that the values shown here are direct readings
from the electrode set at 37 C. The actual PaO 2 in the sheep is 7-12 tort72 hours in sheep exposed to 9 units of smoke (Fig. 9). higher after temperature correction for their body temperature (39.5-

Lung static compliance changes were the reciprocal of 40.0 C).
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TABLE I. Other Cardiopulmronary Indices in Each Group (Mean ± SE)

Control 24 Hours after Exposure 72 Hours after Exposure

Smoke (units) - 3 6 9 12 15 18 6 9 12
Number of sheep 12 6 8 9 7 7 4 7 6 4

Arterial pH 7.49 7.50 7.52 7.49 7.35 7.46 - 7.54 7.44 -

0.02 0.01 0.02 0.02 0.05 0.05 - 0.01 0.03 -

PaCO2 (torr)* 30.3 30.2 29.1 30.0 40.0 36.8 - 29.6 32.5 -

1.2 0.3 0.9 1.4 3.2 1.9 - 1.5 3.6 -

mPAP (torr) 9.3 12.0 10.3 14.7 19.1 20.5 - 9.7 11.6 -

1.1 1.7 1.4 2.1 2.1 1.4 - 1.4 0.7 -

CI (L/min/m 2) 3.4 3.7 4.2 3.7 2.9 3.2 - 3.5 3.5 -

0.2 0.2 0.2 0.3 0.4 0.2 - 0.2 0.4 -

LVSWI 33.3 41.2 35.0 32.3 17.8 31.1 - 24.9 30.2 -
3.4 3.3 1.8 2.5 2.7 2.9 - 2.7 4.4 -

TPRI 2627 2704 2110 2516 2519 2151 - 2835 2395
145 163 98 248 375 376 - 256 260 -

EVLWV (mt./kg) 9.2 12.6 11.4 12.3 18.0 13.4 - 11.7 10.9 -

0.5 1.1 0.5 1.3 1.5 1.8 - 0.5 1.4 -

* PaCO2 values are direct readings from the electrode set at 37 C. peripheral resistance index (dynes sec m 2/cm'); EVLWV extra-
mPAP = mean pulmonary artery pressure; LVSWl = left ventricu- vascular lung water volume.

lar stroke work index (g-m/m 2); Cl = cardiac index; TPRI = total

those in PR; compliance was significantly lower at 24 Discussion
hours in sheep exposed to 12 units or more and at 72
hours in sheep exposed to 9 units (Fig. 10). In this model, anesthetized sheep were insufflated

At 24 hours, extravascular lung water was signifi- with smoke, using endotracheal intubation, to inflict a
cantly elevated in sheep exposed to 12 units compared consistent reproducible injury to the lung. After smoke
with the controls or to those sheep exposed to 9 units of exposure, the sheep were extubated and allowed to
smoke or less. No significant difference was found be- brcathc spontaneously. Twenty-four or 72 hours after
tween the 12-unit and 15-unit groups (Table 1). smoke inhalation, the sheep were reanesthetized, intu-

bated, and catheterized for physiologic evaluation. After

mBP (torr) a 2-hour stabilization period, cardiopulmonary indices
were measured under general anesthesia and mechani-

150 cal ventilation. We used alpha-chloralose as the anes-
thetic agent because this agent exerts only minimal ef-

1fects on cardiopulmonary function.'I We returned the
12 - sheep to the prone position as soon as the catheters were

I I f placed to avoid any adverse effects of the supine posi-
100 T tion. Prolonged supine positioning causes congestion in

the lung, frothing, and cyanosis. 9 Sigh ventilation was
75 used to prevent atelectasis, which is likely to develop in

sheep, even in the prone position. In exposing the sheep
50 to smoke, a tidal volume of 30 mL/kg was used. This

t t. tidal volume did not present a problem for the 24-40-kg
0 A _ L , sheep used in this study, but such a volume-to-weight

C 3 6 9 12 15 18 6 9 12 ratio might produce hyperinflation of the alveoli in
- -larger sheep.72 h To understand the significance and limits of the re-

DOSE OF SMOKE (units) suits of this study, several physiologic characteristics of
sheep need be pointed out. In sheep, a major difference

FIG. 8. Mean blood pressure (mBP) of each group. At 24 hours, mBP from humans is seen in the erythrocytes. Sheep not only
(y = toT) showed similar relationship to PaO 2 between 3 and 15 units
of smoke (x = units): y = 136.0- 3.55x (r2 0.439, N = 32, p < 0.01). have low Na-K pump activity, but also have relatively
The data at 72 hours were not sufficient for such analysis. lower blood hemoglobin concentrations, higher P-50
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values, lower 2,3-DPG levels, and a higher body temper- RES I STANCE
ature. '2 " These differences must be taken into rccount (cmH 2° .sec/ 1)
when analyzing and comparing hemodynamics and ox- 60 -
ygen transport in sheep and humans." For example,
actual PaO2 at the sheep's body temperature (39.5-40 C)
is usually 7-12 torr higher than the values obtained from
blood gas analyzers with the electrode set at 37 C. Sheep 40
also have very low plasma cholinesterase activity.2 In-
terestingly, succinylcholine chloride did not have a pro-
longed effect in the study sheep.

Stephenson et al.' 2 have suggested that the severity of 20

smoke inhalation injury is dose-related, but physiologic t t
measurements of dose responsiveness have not been t t
made except for a mortality study in rats.6 The sheep 0 ,'_ ' ' ' '

model of smoke inhalation injury used in these studies is C 3 6 9 12 15 18 6 9 12
reproducible and manifests dose responsiveness of he- L ... 24 h ---- J L 72 h -J

modynamic and pulmonary variables that are most dis-
tinct at 24 hours. The lesser number of sheep studied at
72 hours and the narrower range of smoke doses used in Flu. 9. Pulmonary resistance (PR) of each group. PR was calculated by
the sheep studied at 72 hours may account for the the following equation: PR = (mouth pressure -- intrapleural pres-

sure)/flow rate. Mouth pressure means pressure at the connection of
poorer correlations noted at that time. respiratory circuit and tracheal tube. PR includes airway resistance

Mortality at 24 hours was well approximated by the plus pulmonary tissue resistance.2

logistic model (mortality = exp(y)/( 1 + exp(y)), where y
= 0.535x - 7.865 and x = number of smoke dose by
units). This logistic model predicts mortality of 0.19% TPRI. (2) An apparent threshold effect, i.e., poor linear
and 0.94% for 3 and 6 units of smoke exposure, respec- orrelation with dose (r2 < 0.20), but significant change
tively. Although all sheep given those doses of smoke at 12-unit and/or 15-unit doses and no significant dif-

tivey. lthughallshep gien hos does f soke ference between those two groups: pH, peripheral vascu-
were sacrificed after physiologic measurements at 24 or lar etwn e two rous pH ripheral su-
72 hours, the clinical condition of all sheep was consis- wrk index ( V RI) a reationshi (0.20
tent with recovery from the inhalation injury and sur-
vival. In the sheep exposed to 6 units of smoke, none of
the physiologic variables measured at 72 hours showed
further deterioration from values measured at 24 hours COMPLIANCE (ml/cllH 2 0)
after smoke exposure. Histologically, tracheal epithe-
lium examined 72 hours after 6 units of smoke exposure 150 "

showed metaplasia, suggesting early healing. These
physiologic and histologic findings suggest that damage 125 T IT
from 6 units of smoke is reversible. On the other hand, a
9-unit or greater dose of smoke caused progressive 100 T
changes resulting in much higher mortality and further
deterioration in lung function by 72 hours after expo- 75 5
sure. Histologic changes in those sheep were also pro-
gressive; the airway epithelium showed further deterio- 5[
ration and congestion and atelectasis of the lung were 5
more severe at 72 hours. The parenchymal changes were 2t t
most distinct in dependent areas of the lung. This accu-
mulation of occlusive exudate in dependent airways is 0 -..- ' ' ' ' '

probably related both to the effect of gravity and to the C 3 6 9 12 15 18 6 9 12
loss of effective normal elimination of exudate by ciliary L.__-- 24 h ___.J L 72 h-J
action and coughing. DOSE OF SMOKE (units)

The dose-response patterns of selected physiologic in-
dices were analyzed using the data at 24 hours after Fu. 10. Static compliance of each group, Static compliance was cal-
smoke exposure. Four patterns were observed (Fig. 11): culated from the following equation at end-inflation: Compliance

= volume change/transpulmonary pressure. Change in compliance
(I) No apparent smoke dose effect, as exemplified by was a mirror image of that of pulmonary resistance.
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DOSE OF SMOKE after exposure to 12 units of smoke (PaC0 2, LVSWI,
PR, static compliance, lung water, mBP. and PAP)

C 3 6 9 12 15 when assessed by analysis of variance. PaO2 showed the
highest correlation coefficient (r 2 = 0.646), but a signifi-
cant difference from the control level was observed only
in groups exposed to 9 units of smoke or more. The

1) TPRI dose-response curve of PaO2 (Fig. 7) and the fact that
changes of most of the cardiopulmonary indices became
significant only after 12-unit exposure suggest that the

2) pH"[dose-response curve is sigmoid in shape rather than lin-
- ear, and that the steep portion of the curve i.- located

between 9 and 12 smoke units (Fig. 12). The steep por-
tion of the curve might also be approximated by curved
linear (polynomial) functions, reflecting the progressive

3) LVSWI [ -- nature of such injury. Stephenson et al. pointed out that,
I -by inference from the literature, there is no variable to

reliably predict lung injury due to smoke inhalation.' 2

That failure may be related to the sigmoid nature of the
dose-response curve suggested by this study. To describe

4) PaO 2  E the sigmoid curve precisely, it will be necessary to assess
_ _ the physiologic response over a wide range of inhalation

injury severity. Several of the indices examined in this
Fi. II. Four patterns of response in physiologic indices at 24 hours
after smoke exposure. Multiple comparisons by the Student-New-
man-Keuls multiple range method are described by the underlining
method. Groups underlined by the same line are not distinguishable
from one another. Typical examples of the four patterns are shown. (I)
No apparent smoke dose effect. (2) An apparent threshold effect. (3) A
linear relationship (0.20 < r' < 0.40) over at least a portion of the X
smoke dosage range. (4) A good linear relationship (r2 > 0,40) over the e
entire range of doses of smoke. See text for details.

< r2 < 0.40) over at least a portion of the smoke dosage M
range: PaCO 2 , PR, static compliance, lung water, 0

-JLVSWI, and CI, where LVSWI = between 3 and 15 C
units and CI = between 6 and 15 units. (4) A good linear b.
relationship (r 2 > 0.40) over the entire range of doses of
smoke: PaO2 (r

2 = 0.646), mBP (r2 = 0.439), and mPAP 3M
(r 2 = 0.407), where mBP = between 3 and 15 units. ___.

TPRI was maintained within the normal range in all 1 I "
surviving sheep, suggesting that the TPRI is well pro- C 3 6 9 12 15 18
tected by homeostatic mechanisms and is not an index
of the severity of inhalation injury. Indices showing MILD
threshold changes (pH, PVRI, and RVSWI) also appear MODERATE
to be well maintained until a severe insult is incurred.

Changes in these indices are indicative of a significant SEVERE
smoke inhalation injury. Once a threshold level was ex-
ceeded, no significant further change in these physio- FATAL
logic indices was noted in the 15-unit group compared
with the 12-unit group. Indices that manifested the third FIG. 12. Schematic presentation of dose-response curve of sigmoid

nature and grading of smoke inhalation injury. Ordinate represents
or fourth patterns showed moderate to good correlation physiologic indices and abscissa shows doses of smoke in units. Statis-

between the number of units of smoke and magnitude of tical significance is not detectable at doses below 9 units. Substantial
change. change occurs between 9 and 12 units. The plateau on the right side

(shown as an interrupted line) is not clearly observed because those
For some variables, a significant difference from the higher doses are fatal. The bars indicate the grading of smoke inhala-

control level was not seen (CI) nor was observed only tion injury. See text for details.
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study do not appear to be sensitive indicators of injury mild injury, no tracheal pseudomembrane formation
severity since they were not significantly altered by non- was evident and when present was minimal. Diagnosis
lethal doses of smoke. of smoke inhalation injury of this degree would be diffi-

Although others have reported no significant changes cult without histologic examination at an appropriate
in PAP after smoke inhalation and have attributed pul- time. Moderate injury was associated with a mortality of
monary edema in such models to increased capillary 30% by 72 hours. Pseudomembrane formation in the
permeability," we observed a significant increase in major airways was always evident but many physiologic
PAP in sheep exposed to high doses (12 and 15 units) of indices still did not change significantly. Severe inhala-
smoke (Table I). Judging from the mortality in the tion injury caused 10-14% mortality by 24 hours and
sheep studied by Herndon et at." (13 of 27 at 72 hours), 30-100% mortality by 72 hours. A thick pseudomem-
that severity of inhalation injury corresponded to little brane formed in the airways and physiologic indices
more than that caused by 9 units of smoke in our study. showed significant changes. The variability of changes
The change in PAP that we observed was modest until noted in the various indices may be attributable to the
the smoke dose exceeded 9 units, above which it in- sigmoid shape of the dose-response curve. Invariably,
creased greatly. The parallelism of changes in PAP and fatal injury caused total loss of airway epithelium and
extravascular lung water volume in the current study 100% mortality. Although this grading is based on an
suggests that elevation of intravascular pressure may experimental model of smoke inhalation without cuta-
contribute to pulmonary edema after smoke inhalation neous burns, a similar grading for smoke inhalation in
injury, burn patients may be useful in evaluating the severity of

The effect of inhalation injury on extravascular lung smoke inhalation and assessing treatment outcome.
water volume is unclear. Markedly different thermal- This dose-responsive sheep model can now be used to
dye measurements of extravascular lung water volume determine the pathogenesis of inhalation injury, to as-
have been reported. 4 '2' As an explanation of the dis- sess the effect of associated burn injury, and to evaluate
crepancies, Prien et al. have recently reported that pul- the effectiveness of therapeutic interventions.
monary edema of smoke inhalation was undetectable by
indicator-dilution technique in a sheep model.2" That Acknowledgments
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