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3. Summary

This rescarch attends to unmet requirements in the physiolopical mana;-
ment of moderately and severely wounded soldiers, thereby {a) improving the
return-to-duty rate of the combat-iniurcd, (b) reducing worbidity d mortal-
ity of the combat-injured, and {(c¢) reducing resource (primarily material and
logistical support) utilization by Army medical ticld facilities. The
research examines the interaction of anesthetic apents appropriate for ase in
a combat environment, with hemorrhage, In doin, so, the physiology of bhoror-
rhage the physiological processes that contribute to the differences awmonyg
anesthetic agents tor induction and myintenince of ancothesia during homor-
rhage will be examined. Swine arv used as the oxperimental model, exanining
the rationale and physiology of use of nitreus axide, enfiurane, isofluranc,
halothane, thiopental and ketamine for indu tion of anesthesia during the
hypovolemic condition.

We have found swine to be an excellent Taboratory model for the study of
hemorrhage, and the interaction ot anesthctic agents with hemorrhage. We have
characterized the awake swine rvesponse to hemor:hapge, and defined the swine’s
blood acid-base chemistry. During hyvpovolemia, induction c¢f anesthesia with
either ketamine or thiopental causes similav, ivportant deterioration of car-
diovascular compensation for moderate hemorrhage. Keductions in systemic vass
cular resistance, mecan blood pressurce, and cardiac output are not Jdifferent
in hypovolemic animals in whom anesthesia is induced with thiopental in con-
parison with thosc in whom ancsthesta is induccd with ketamine. Both apents
also further exaggerate the lactic acidosis scen with hemorrhage. A poten-
Lially fmportant ditterence between the two apents is the continucd propres-
sive lactic acidosis one halt hour atter induction secen in ketamine induced
animals, but not in thiopental induced arimale,  We conclude that induction ot
anesthesia in hypovolenic condition with ketarmine docs not ofter any advantay,
over induction of ancsthesia with thiopental in a similar circumstance,  Simi-
larly, entlurane, halothane, and isoflurane when used tor inductioun of
anesthesia in hypovolemic swine all cause deterioration of cardiovascular com-
pensation for hemorrhage. The decrease in systemiv vascular resistance, car-
diac output, and mean systemic blood pressure among the animals receiving the
threc inhalation agents arc quite similar, as aye the metabolic sequelae and
increased acidosis. We have found that 30% hypovolemia  decreases the minimal
anesthetic requirement of ketamine and thiopental equivalently, approximately
35-40%. We have determined the minimal alveolar ancsthetic concentration
(MAC) in swine for halothane (1.25%) and nitrous oxide (277%).

The products of this project are important and meaningful data and recom-
mendations to be provided USAMRDC, AHS, and ultimately the uscr--the anesthe-
tist in a combat envivronment--regarding the use {(potential advantages and
disadvantages) of anesthetic agents for acutely injured soldiecrs.
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7. Body of Report

A. Dackground:

l. Overall Objectives:

The long-term objectives of this research project are to improve the phy-
siological management of moderately and severely injured soldiers, and thereby
() improve the return-to-duty rate of the combat-injured, and (b) reduce mor-
biiity and meortality of the combat-injured. Certain portions of the project
1lso focus on atteupts to reduce resource (primarily material and logistical
support) utilization required for accomplishment of (a) and (b) above.

This research examines the interaction of anesthetic agents, appropriate
for use in a combat environment, with hemorvhage. In doing so, we also
attempt o define the physiclogical processes that contribute to the differ-
crices amony anestheti¢ agents during hemorrhage and the differences between
the physiological eflects of anesthetics during normovolemia and during hLypo-
volecia, 1t is hoped that improved management will result from such an under-

standing.
2. Introduction:

Further advances for forward resuscitation and in managenment of the
combat-wounded will depend, in part, on the acquisition and application of
physiological principles and understanding of the interaction of anesthetic
agents and techniques with physiology and pathophysiology.

Within the past twenty years, there has been a vast proliferation of
research in anesthesia and anesthesia-related fields., Despite the information
gained, the paucity of knowledge upon which anesthesiologists must base cru-
cial, life-determining decisions regarding the anesthetic care of the acutely
wounded soldier is distressingly evident in the chapter on “Anesthesia and
Analgesia" of the First US Revision of the Emergency War Surgery NATO Handbook
(2). The NATO handbook quite accurately reflects, "In the wounded who require
surgery, the most significant alterations in physiology involve the circula-
tory and respiratory systems."” The anesthesiologist in a combat environment,
in order to be able to make the intelligent, informed decisicns for the proper
care of his patient, must have the kunowledge of the appropriate normal phy-
siology, abnormal pathophysiology, and how both are altered by the drugs,
agents, and techniques he may utilize.

In addition to ensuring adequate ventilation and gas cxchange, the
anesthesiologist must also be concerned with optimizing cardiovascular func-
tion and selectiug apents and techniques that will provide the appropriate
alterations in cardiac output, peripheral vascular resistance, total body oxy-
gen consumption, systemic blood pressure, myocardial work, myocardial oxygen
consumption, and pulmonary vascular resistance. Lacking the ability to create
appropriate alterations, he should, at the worst, have the ability to select
the agents and techniques that will do the least harm. Myocardial, cerebral,
and peripheral tissue blood flow must be maintained at levels sufficient fot
aerobic metabolism.




All anesthetic agents have profound influence on all the variables listed
above. Halothane, fluroxene, diethy] ether, and cyclopropane, in normal,
healthy, yoyng male hunan volunteers, all elevate mean right atrial pressure,
increase skin blood flow and decrease oxygen consunption and base excess (3-
11). Ether, fluroxene, and cyclopropane cause minimal or no decrease in car-
diac output, stroke volume, left-ventricular work, stroke work, and mean
arterial pressure (5). Halothane, fluroxene, and ether decrease total peri-
pheral resistance, whle cyclopropanc significantly increases it. Unlike other
anesthetic agents, deep fluroxene anesthesia causes a rise in arterial pres-
sure {(3-5) as a result of increased central sympathetic outflow {12).

Enflurane during spontancous ventilation results in increased P,COp,
greatly decreased systemic vascular resistance, reduced mean arterial blood
pressure and stroke volume, but an increased heart rate and cardiac output
(13). The investigators attributed the latter to be a result of "beta-
sympathetic-like-stirulation" in response to elevated arterial PCOp concentra-
tions. When ventilation is controlled so that PCO; is normal, cardiac output
decreases in comparison with the awake state.

Isoflurane, a relatively new inhalational agent, which has been releasecd
recently by the FPA for noninvestigational use, has been shown in unpremedi-
cated, healthy young male voluntcers to preserve cardiac output unchanged,
decrease stroke volume, arterial pressure, peripheral resistance, VQ; and
left-ventricular work, while increasing right atrial pressure and Q/Voz during
constant P,C02, maintained by controlled ventilation (14). During spontaneous
ventilation, cardiac output and heart rate rise further as a result of rise in
PaCOZZ d;spite the blunting of the cardiovascular response to CO0p by isoflu-
rane (15).

Nitrous oxide, first prepared by Priestly in 1772, and first demonstrated
to have anesthetic properties by Sir Humphrey Davey in 1800, is not suffi-
ciently potent for sole use as an anesthetic agent. Hyperbaric studies have
demonstrated that at normal barometric pressure approximately 110% N_0 would
be required to produce anesthesia. Nevertheless, N O is almost universally
added to other inhalation agents to reduce the concentration of the other
inhalation anesthetic. The rationale for this practice was originally related
to the now-discarded belief that N ¢, beyond its analgesic/anesthetic proper-
ties, had no other pharmacological™actions. Within the past 10-15 years,
information has been gathered regarding cardiovascular actions of N,0 in
experimental animals as well as in man. Because of the wide variations in
experimental designs, the results are not clear. Many variables appear to
influence greatly the cardiovascular action of N,0, e.g., type of ventilatiom,
prior administration of drugs, background anesthétic agent, duration of
administration of N O prior to measurement, patient age, and patient physical
status. Smith et ,i (16) also suggested (without supporting evidence or - ta-
tion of any references) that the 'extent of ... trauma or blood loss" proouply
influences the cardiovascular action of N 0. When added to halothane, N,O
appears to result in cardiovascular stimu{ation in normal man (17,18), in car-
diac patients (19), and in the normal dog (20-22), although Hill et al (23)
noted cardiovascular depression with the addition of N 0 to halothane in
patients with heart disease (for operation for aortic or mitral valve replace~
ment or coronary artery bypass graft), and Brower and Merin (24) failed to
note significant cardiovascular action of NZO upon its addition to halothane
anesthesia in swine. Stimulation is seen in man with the addition of nitrous
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oxide to fluroxene (25), diethyl ether (26), and isofiurare (27) anesthesia.
In contrast, Smith et al (16) recently observed minimal cardiovascular changes
with the addition of N,0 to enflurane anesthesia. With the addition of N,0 to
a background of narcotic anesthesia, cardiovascular depression is frequen%ly
noted in man (28,29) and in dogs (30).

Cardiovascular stimulation in man by the addition of N 0 to all inhala-
tion anesthetic agents except enflurane is likely an indirect effect, Nitrous
oxide was previously thought to spare the myocardium of depression and cause a
minimal peripheral vasoconstriction (31-33), probably through an increase in
sympathetic activity (32). Recent werk has demonstrated a direct decrease in
nyocardial contractile force by 507, N,O (34). This is not as great a reduc-
tion as caused by an equipotent anesthetic concentration of halothane (34,35).
In in vivo studies, the stimulation of sympathetic nervous activity by NZU
would tend to antagonize the direct myocardial depression (36,37).

Despite the stimulation seen, it appears that N70 does not enhance the
overall margin of safety of inhalation anesthetic agénts with respect to the
amount of agent required to produce respiratory or cardiac arrest (38).
Nevertheless, N,0 contintes to be used ubiquitously unless the patient physio-
logically requitfes very hish concentrations of inspired oxygen.

The stimulatory response reyuires a system capable of providing a rela-
tively intact sympathctic response. This may be neither true nor desirable
during hypovolemia. This consideration does not appear to have been tested.

With the introduction of thiopental, induction of anesthesia by
intravenous anesthetics became popular. With the entry of the U.S. into World
Watr 11, much debate, based on anecdotal experience, arose regarding the wisdom
of the use of thiopental in a military setting (39-50). The predominant opin-
ion appears to have becen that thiopental should not be used for induction of
anesthesia in cases of severe trauma or shock (43,45). However, anesthetic
practice today differs greatly from that employed in the early 19407s. At
that time, supplemental oxygen was not administered to all patients; nor was
it even available on a routine basis. Patients breathed spontaneously. The
doses of thiopental that were employed (minimum of 0.5 grams; most often
several grams) are by today’s standards, grossly excessive, especially for
patients with abnormal hemodynamics.

Although thiopental did become the subject of research centered on its
henodynamic properties indicating myocardial depression (51) and reduction of
vasomotor tone (52), its use for induction during hypovolemia has not been
studied systematically.

More recently, a relatively new agent, ketamine, has been advocated for
use in hypovolemic shock (53). 1In doses of 2 mg/kg IV, given to fit patients
without premedication, ketamine has been shown to increase heart rate 30%,
systolic blood pressure «l%, diastolic blood pressure 407%, mean arterial pres-
sure 407, cardiac output 57%, and stroke volume 227% (54,55). This effect is
probably mediated throuzh vagolytic activity through baroreceptor blockade
(56-58) and central adrenergic stimulation with peripheral alpha effect
(56,59-62). Low doses (1-2 mg/kg IV) result in a variable positive inotropic
effect (63,64), whereas high doses are negatively inotropic (65-67). Unfor-
tunately, ketamine is relatively short-acting (20-30 minutes), and repeat
injections have been reported to have less or no pressor response (54,68,69).
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Premedication with atropine attenuates the cardiovascular response¢ to ketamine
(70-73). When ketamine is given during general anesthesia, a depressor
response is.elicited (74-76).

Ketamine has been used as an induction agent for hypovolemic shock. In
dogs, Virtue et al (67) noted a modest (4%) increase in blood pressure, and
Gassner et al (77) noted an increase in blood pressure and heart rate in hypo-
teusive cats on induction with ketamine. These studies, however, did not
quantitate the degree of hypovolemia. In 30 humans in "hemorrhagic shock",
Corssen et al (78) reported a 17% increase in systolic blood pressure upon
induction with an unspecified dose of ketamine. Chasapakis et al (79) noted a
similar response in 13 similar patients premedicated with at;;pine and given 2
mg/kg IV and pancuronium 4 mg IV for induction. Unfortunately, none of these
quantitated the degree of hypovolemia not commented upon continued intraopera-
tive course; nor did they compare ketamine with other agents. Most of this
literature regarding ketamine has been of less than good quality.

With the exceptions noted, the pharmacology described above was learned
from anesthetizing either normal animals or normal, young, healthy men., It is
inappropriate to attempt to translate these pharmacological findings from nor-
mal man to hypovolemic man. Many of the indirect but important cardiovascular
actions of anesthetic agents, especially those of enflurane, isoflurane,
nitrous oxide, and ketamine, require an intact sympathetic response. Hemor-
rhage results in sympathetic discharge (90). Further sympathetic outflow may
be neither possible nor desirable.

Only two studies have compared anesthetic agents during hemorrhage
(81,92). Theye et al (8l) compared survival times during removal of 0-40
ml kg™~ of blood from dogs with intact spleens, ventilated and anesthetized
with cyclopropane, halothane, or isoflurane. Prior to blood loss, cyclopro-
pane resulted in higher cardiac output and mean arterial blood pressure than
either halothane or isoflurane, presumably as a result of higher arterial
epinephrine concentration. With hemorrhage, cardiac output and mean arterial
blood pressure fell more rapidly with cyclopropane than with either inhalation
agent; arterial epinephrine increased more rapidly with cyclopropane than with
either inhalation agent; oxygen consumption fell the most and arterial lactate
concentration increased the most with cyclopropane. Survival time was shorter
with cyclopropane than with either isoflurane or halothane.

We have compared, in splenectomized dogs, the cardiorespiratory influ-
ences of graded hemorrhage (0, 10, 20, and 30% blood loss) during enflurane,
halothane, isoflurane, and ketamine anesthesia with spontaneous ventilation
(82). Diethyl ether and cyclopropane were not studied because of their flamma-
bility and explosive potential and, therefore, impracticality in a battlefield
medical facility environment. In comparison with the awake state during rnor-
movolemia, of the agents studied, only ketamine provided cardiovascular stimu-
lation (increased heart rate and cardiac output), while enflurane resulted in
the greatest depression of cardiovascular function (decreased mean arterial
blood pressure, cardiac output, and stroke volume). With graded blood loss,
cardiac output decreased more rapidly with ketamine than with all of the three
inhalation agents, so that by 30% hemorrhage there was no difference in car-
diac output among halothane, isoflurane, and ketamine. In response to hemor~
rhage, systemic vascular resistance increased most witn ketamine. Thus, at
30/ blood loss, mean arterial blood pressure was highest with ketamine.
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Rate-pressure product and minute work were highest with ketamine throughout
hemorrhage except for minute work at 30% blood loss. This was reflected in
total body oxygen cousumption being highest with ketamine at 0-20% blood loss.
Uxygen consumption did not change with hemorrhage with any inhalation agent,
but decreased with hemorrhage with ketamine, suggesting that oxygen demand was
not met; arterial blood lactate concentration increased with hemorrhage only
with ketamine. Under these conditions of the experiments of Theye (81) and
our own (82), sympathetic stimulation appears to be an undesirable property of
an anesthetic agent when used for maintenance of anesthesia during moderate
hypovolemia. These expriments (82) were performed while the dogs breathed
spontaneously, and resulted in differing arterial PCO) among the anesthetic
agents. Although the cardiovascular stimulation caused by carbon dioxide
(15,82) is blunted by anesthetic agents (15,18,£3,84), the varying levels of
CO, among the agents may have influenced the results.

The renin-antiotensin (R-A) system also plays an important role in the
physiologic response to and compensation for hemorrhage (86-91). The influ-
ence of anesthetic agents on the R-A system has received some attention, with
conflicting results (92-98). However, under normal circumstances, the R-A
system appears not to be an important controller of cardiovascular dynamics
during anesthesia (97). This is not the case, however, in some specific cir-
cumstances of altered cardiovascular dynamics. When hypotension is intentiomn-
ally created by vasodilation with nitroprusside in anesthetized animals, the
R-A system plays an important role in preventing what would otherwise be a far
greater fall in systemic blood pressure (i.e., it produces significant compen-
sation) (99-100). 7The R-A system is also responsible for the rebound hyper-
tension observed following discontinuation of nitroprusside (101-102). In
sodium~depleted animals, the R-A system is an important regulator of blood
pressure during anesthesia (103). These lines of evidence, indicating that
anesthetic agents decrease blood pressure in states where the R-A system is
activated, lead one to suspect that this may also be the case during hemor-
rhage. Although this hypothesis has also been suggested by others (97), it
does not appear to have been tested.

Understanding the interaction of anesthetic agents with the R-A system
during hemorrhage offers the possibility of improved casualty management
through appropriate selection of anesthetic agents and R-A stimulants or
blockers.

There is no scientifically derived information regarding the actions of
anesthetic agents when used for induction of anesthesia in a hypovolemic con-
dition. The work described in this report represents efforts to delineate the
interactions of amesthetic agents and cardiovascular control mechanisms and
effects during significant hypovolemia.

NS s o~
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B. Approach:
1. Comparison of ketamine, thiopental, enflurane, halothane, and isoflu-
rane for induction of anesthesia during moderate hypovolemia.

Young domestic swine (Chester-White-Yorkshire mix breed; 18-21 kg) are
being used to investigate the cardiovascular and metabolic response to induc-
tion of anesthesia during hypovolemia. We use swine because (a) dogs are
becoming increasingly difficult to obtain for purposes of research; (b) swine
are readily available in nearly uniform size; (c) the cardiovascular system of
swine more closely resembles man than does that of the dog; (d) swine hemor-
rhage models have been used successfully by others. Although we were not
aware of it at the initiation of this project, Hannon at the Letterman Army
Institute of Research has had good results bleeding awake swine of approxi-
mately the same size we use (104-105). His animals have been bled by as much
as 507% of their estimated blood volume while unanesthetized and unrestrained.
von Engelhardt reviewed the cardiovascular parameters of swine, although much
of the data was accumulated in anesthetized animals (106). Awake swine have
been used to-.investigate remal blood flow at rest and during exercise (107),
capillary flow during hemorrhagic shock (108), humoral response to hemorrhage
(109-110), and myocardial metabolism after hemorrhage (l11l1). The anesthetized
pig has been used for a variety of studies, including hemorrhage (112-118),
efficacy of stromal-free hemoglobin (119), and myocardial effects of
anesthetic agents (120).

Our animals are first briefly anesthetized with an inhalation agent to
allow for placement of peripheral venous, arterial, and thermistor-tipped pul-
monary arterial cannulae. The trachea is intubated, the animal paralyzed and
ventilated with a tidal volume of 20 ml/kg, and ventilatory rate adjusted to
maintain arterial PCOp; at 40 torr.

Inspired partial pressure of oxygen (PIOZ) is adjusted to maintain par-
tial pressure of oxygen in arterial blood (P,0,) at approximately 150 torr.
The balance of inspired gas is mitrogen. End-tidal partial pressures of 0,
C03, Nz, Ny0, isoflurane, enflurane, and halothane are monitored at the endo-
tracheal tube orifice by mass spectroscopy. The pig is paralyzed with metocu-
rine, 0.2 mg/kg IV, and supplemented as required. Metocurine is used because
of its lesser cardiovascular effects when compared with pancuronium, gallam-
ine, or d-tubocurarine (l121). A percutaneous venous catheter is placed in a
forelimb, and a catheter is threaded through the superficial femoral artery
into the abdominal aorta. A thermister-tipped, flow-directed, triple-lumen
catheter is introduced percutaneously just above the suprasternal notch
through the innominate vein into the pulmonary artery. Placement is verified
by pressure trace and the ability to obtain pulmonary arterial (capillary)
wedge pressure. Throughout these experiments, each swine”s temperature (meas-
ured by the PA catheter thermistor) is maintained within + 1 C° of the
animal”s original temperature. Following placement of all cannulae and elimi-
nation of anesthetic agents by continued ventilation, measurements are made in
the normovolemic condition. Samples are withdrawn from the femoral arterial
and pulmonary arterial catheters for measurement of arterial and mixed venous
blood gases, pH, and oxygen concentration. Blood gases are measured by
Radiometer electrodes in Radiometer steel-and-glass cuvets; pH is measured
with a Severinghaus-UC electrode (122), all thermostatically controlled at 37°

C. Oxygen concentration is measured by an electrolytic cell (Lex-Oz-Con-TL)
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(123). As an indicator of tissue oxygenation, blood samples are also with-
drawn for the measurement of lactate and pyruvate concentrations. To assess
each anesthetic agent”s influence on the sympathetic response to hemorrhage,
blood is sampled for measurement of total catecholamine, epinephrine, and
norepinephrine concentrations (124). To assess experimental effects on the
renin-angiotensin system, arterial blood is sampled for assay of plasma renin
activity (125). Femoral arterial and pulmonary arterial blood pressures are
continuously transduced by Statham 23Db transducers. Pulmonary arterial wedge
pressure is measured by inflation of the balloon of the pulmonary arterial
catheter. Right atrial pressure is measured via the proximal lumen of the
same catheter. <Cardiac output is estimated by a thermodilution technique,
injecting 3 ml of 0° C 0.9% saline through the pulmonary arterial catheter,
and using an analog computer (Edwards Laboratories Model 9520A). Electrocar-
diogram is comstantly monitored.

The following variables are recorded on a multi-channel polygraph: par-
tial pressures of oxygen, carbon dioxide, nitrous oxide, enflurane, isoflu-
rane, and halothane at the tracheostomy tube orifice; femoral and pulmonary
arterial blood pressures (phasic; mean pressures are electrically generated by
the pre-amplifier; pulmonary arterial wedge pressure and right atrial pressure
are recorded on the same channel as phasic and mean pulmonary artery pres-
sure); electrocardiogram; thermodilution trace from the PA catheter
thermistor--necessary to ensure that the washout is logarithmic and that the
computer~derived cardiac output value is valid. From these measurements, the
following are calculated: base-excess (126-127), stroke volume, mean arterial
and pulmonary pressure, stroke and minute myocardial work, systemic and pul-
monary vascular resistances, total-body oxygen consumption (cardiac output x
Ca—vo ), oxygen transport, and Tatio of oxygen transport to oxygen consump-
tion. Following these measurements, the pig is bled during a 30-minute period
of 30% of its blood volume (106) through the arterial catheter into a transfer
pack containing heparin so that the final concentration of heparin is 1 unit
heparin/ml of blood. After a minimum of 30 minutes, all measurements are
repeated. Thus, we evaluate each swine awake in the normovolemic condition,
and following 30% hemorrhage.

Each pig is randomly assigned to one of the anesthetic groups listed

below. With the animal hypovolemic, we then induce anesthesia with one of the
following:

Group I: Control; no anesthetic agent administered
Group II: Enflurane, 1.25% end-tidal

Group III: Halothane, 0.507% end-tidal

Group IV: Isoflurane, 0.85% end-tidal
Group V: Nitrous oxide, 60% end-tidal
Group VI: Ketamine (for IV dose, see below)

Group VII: Thiopental (for IV dose, see below)
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The concentrations of ‘nhalation agents have been selected to be slightly
greater than one-half the required minimal alveolar concentration in the nor-
movolemic animal [hypotension reduces ancsthetic requirement (128,154,155)].
The doses of injectable agents (thiopental and ketamine) are established in
the following manner. Twenty-four to 48 hours before experimentation, with
the pig (normovolemic) resting quietly in a sling, the amount of intravenous
agent required to produce loss of lid and corneal reflexes and ioss of
response to ear-pinch is determined. The dose used for induction of
anesthesia during hypovolemia is one-half the dose established during normo-
volemia 24-48 hours previously. Ear-pinch following induction with this dose
during hypovolemia has failed to elicit any response.

End-tidal gas partial pressures, systemic and pulmonary artery pressures,
and ECG are continuously recorded during induction. Qp, PAP,, and RAP are
measured every 5 minutes during induction of anesthesia.

All measurements, calculations, and blood samplings (as indicated above
for the awake conditions) are performed at 5 and 30 minutes after induction of
anesthesia. In this way, both the transient and quasi steady-state conditions
are assessed.

Following these measurements, shed blood is returned, and after "0
minutes, all measurements, samplings, and calculations are repeated.
Anesthesia is then discontinued and measurcments and calculations repeated 30
minutes after the elimination of the anesthetic agent.

This experimental approach will allow us to show the influence of time
(physiologic compensation, or deterioration, if any) on the preparation by
comparicson of data obtained during the course of experimentation within the
contrel group, and by comparison, within each anesthetic group, of the awake
normovolemic values prior to hemorrhage with similar values after return of
shed blood and elimination of anesthetic agents.

The data will show the comparative cardiovascular influence of anesthetic
agents used for induction of anesthesia during significant hypovolemia.

These results will allow us to provide recommendations to USAMRDC regard-
ing choice of anesthetic agents for use for induction of anesthesia in a
wounded soldier who is hypovolemic, and whose blood volume cannot be ade-
quately restored prior to surgery.

Statistical Treatment of Data: Cardiovascular and metabolic variables
among anesthetic agents and the control group will be compared using analysis
of variance with repeated measures, and Neuman-Keuls method of multiple com-
parisons (129). Similar statistical tests will be performed to compare the
awake hypovolemic with the anesthetized hypovolemic state, as well as the
awake normovolemic with the awake hypovolemic state. These tests will be con-
ducted as the series of experiments progresses, and the experiments will be
terminated upon achieving statistical significance (P < 0.05) among anesthetic
agents, thus affording the possibility of using fewer than the stated number
of animals.
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2. Swine blood acid-base chemistry:

In order to appropriately evaluate the metabolic sequelae of subsequent
experimentation, we required information regarding swine blood acid-base chem-
iscry.

We were unable to find this information in the literature. Although we
lacked information indicating specific differences in acid-base parameters
between human and experimental animal blood, we were not especially concerned
until the report of Scott Emuakpor et al. (161), which indicated differences
between human and canine blood in the hemoglobin-independent plot of log Pgg
against pH. Those findings and our need to characterize the acid-base status
of swine blood led to these investigations. As a result, acid-base curve and
alignment nomograms were constructed for swine blood, and the methodology used
for their construction was reappraised.

Collection and Handling of Biood

Four studies were performed; cach study used the blood of a different
pig. Each pig”s blood was handled in a similar fashion. Pigs were anesthe-
tized with thiopental, and 330 ml of arterial blood was collected in heparin
(33 units/ml blood). Whole blood was centrifuged and three red blood cell
dilutions (to packed cell volumes of approximately 9, 27, and 45%) were
prepared from the separated red blood cells and plasma. A sample of well-
mixed original whole blood and samples of each dilution were placed in ice for
later determination of total protein (162), hemoglobin (l62) 2,3-
diphospoglycerate (163) and methemoglobin (164) concentration. Blood samples
were prepared in duplicate at base excesses (BE) of ~25, -20, -15, -10, -5, 0,
+5, +15 and +20 mEq/l at each of the three hemoglobin concentrations (a total
of 60 samples) by adding 100 ul of working acid or base solution (see below)
to 3.9 ml of blood. To prevent red cell lysis, blood samples were briefly
centrifuged at low speed, and the acid or base solution was added to the swir-
ling supernatant plasma. Samples were .aen gently but thoroughly mixed.

Blood preparation was followed by tonometry and measurement of pH. One member
of each pair of blood samples was equilibrated for 7 min in an Instrumentation
Laboratories Model 213 tonometer with a gas mixture of 2.72% COj in 03; the
other member of the pair was similarly equilibrated with a gas mixture of
9.60% CO) in 0p. The gas mixtures had been previously analyzed in triplicate
using the method of Scholander (165). (When these gas flows and concentra-
tions and blood volumes were used in preliminary experiments, equilibration of
blood with CO; was achieved within 4-5 min.)

We measured pH using a Severinghaus-UC electrode (122) thermostati-
cally controlled at 38.8°C, and a Lorenz Model 3 DBM-3 amplifier. The pH
electrode was calibrated with precision reference buffers (pH 6.839 and 7.379
at 38.8°C, Radiometer, 3-ml sealed glass ampules). <clectrode calibration was
checked with the 7.379 buffer before and after each blood sample reading.
Measure- ments were performed in duplicate with a maximal allowable difference
between the two determinations of 0.003 pH units. The mean (+ SD) of the
difference between the paired reading for all samples, calculated without
respect to sign, was 0.001 + 0.00l pH units. Measurements of pH were
corrected for red cell suspension effect (166, 167). Carbon dioxide partial
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pressure was measured in duplicate using a CO; electrode (Radiometer E5036) in
a steel-and-glass cuvet (Radiometer D616) thermostatically controlled at
38.8°C. The electrode was calibrated with gas mixtures analyzed in triplicate
using the method of Scholander (165). A reading of a standard gas with a PCOZ
close to that expected for the blood sample was taken before and after each
blood sample reading. Blood COp tensions were systematically measured to
ensure equili- bration of blood with CO;. Mean (i SD) difference between
mcasured and ex- pected blood Pgg, (calculated without regard to sign) was
0.88 + 0.27 torr at Pcg, of 67.9 torr. Readings for pH and Peg, were
corrected for electrode drift.

Preparation and Standardization of Acid and Base Solutions

A 1.0 N solution of NajCO3 (l00%, certified alkalimetric standard,
Fischer Scientific Co.) was prepared and used to standardize, by titration,
what we determined to be a stock solution of 1.0l N HCL. The 1.0l N HCl was
used as a titrant for a stock solution of what we determined to be 1.03 N
NaHCO3. Concentrations of 0.2 N, 0.4 N, 0.6 N and 0.8 N acid and base working
solutions were prepared volumetrically from the stock solutions. All working
solutions were titrated as described above. All titrations were repeated
after completion of the bench laboratory work reported here; no differences
were noted between determinations made before and after, these experiments.

Data Analysis

The data generated for each pig resulted in three sets of values
(one for each concentration of hemoglobin). Each set contained values for pH
and Pcy, for blood samples at each base excess (0 to 20 mEq/l of acid or base
added).” However, since the base excess of the blooc¢ drawn from the animal was
not necessarily zero, the data were "normalized" to correct for any small
acid-base imbalance at the time of sampling. To accomplish this, Siggaard-
Andersen and Engel (168, 169) plotted constant COj titration curves (pH vs.
acid or base added) at both carbon dioxide tensions for each hemoglobin con-
centration. They curve-fit their data by eye and hand, and similarly shifted
the axis for the added acid or base so that zero corresponded to pH 7.400 for
the PCOZ 40 torr curve (0. Siggard-Andersen, personal communication).

In following their methodology, we noticed that minor differences in
curve-fitting and shifting the data "by eye" resulted in relatively large
differences in the final nomograms. Unable to arbitrarily resolve these
observed differences, we -r5ed precise mathematical and graphical techniques
which were implemented by a computer.

For each concentration of hemoglobin, we calcuiated regression
coefficients using a forward stepwise (with a backward glance) selection
procedure (l70) to fit the model:

pH = (C)+Co*BE+C3*BEZ+C,*BE3+C5*BE4) *log Pco,+

Ce+Cy*BE+Cg*BE2+CgBE3+Cy g *BEY

This model has the following properties: a) for any given BE the rela-
tionship between pH and log Pp, is linear; b) the sl-pe and intercept of this
relationship may vary non-lineatly with BE; and ¢) for each concen- tratiom of
hemoglobin, the calculated coefficients define a model that fits the data with
high statistical significance (RZ > 0,99),
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For each level of hemoglobin, the equation was "normalized" to a pH of
7.400 for a BE of zero and a Py, of 40.0 torr, Orr et al. (171) in six awake
chronically-catheterized swine. “These investigators measured Pacy, as 38 torr
and pH, as 7.43 (BE less than 1 mmol/l). This seemed sufficiently close to
the human standard of Pcg, of 40 torr and pH of 7.40 to retain these values
for BE = 0 for the purposé of nomogram construction. This "normalization" was
accomplished by solving each derived regression for BE at pH = 7.4 and Pcg, =
40 torr using the Jenkins-Traub three-stage algorithm (172). The result,
BEgrrors represented the deviation of the acid-base status of the animal from
zero at the time the blood was drawn. Values for the amount of acid or base
added (BE) were then adjusted (shifted) by the amount of BEg, ror. The above
regression model was then refit using the shifted BE values.

Curve nomogram. Using the equations resulting from the above curve-
fitting procedure, we calculated the relationship between pH and log PCOZ for
each of the three concentrations of hemoglobin at each level of BE.
Siggaard-Andersen and Engel (169) stated that for each level of BE there exist
a single pH and Pgp, that are independent of hemoglobin concentration. There-
fore, for each level of BE, the three lines calculated above should intersect
at a single point. Brodda (173) has calculated that this can only ocrur if
shifts in water between the red blood cell and plasma that result from changes
in pH are taken into account. Experimentally, the three iso- hemoglobin lines
at each level of BE result in three intersections. Several approaches are
possible when approximating the hemoglobin-independent point by computer. For
example, the three points of intersection could be averaged. However, this
method can be shown to be subject to large error when two of the hemoglobin
lines are nearly parallel. Other simple methods of approximation are simi-
larly subject to error. At the expense of being more complex and cumbersome,
our approach avoided this potential error.

We approximated the hemoglobin-independent point by calculating the point
which minimized the mean square difference in pH and in log Pco, between the
point and the three buffer slope (isohemoglobin) lines. Intuitively, such a
point would be the point requiring the smallest change in the projection of
the three hemoglobin lines in order to produce a common intersection. We
derived this point in the following fashion.

Let (pHing4, log PCo, . d) be the Hb-independent point.
in

Let m;j and bj, i = 1, 2, 3 be the slopes and intercepts of the three
linear relationships calculated from the regression model for a given BE
(i.e., pH = m; log Pco, + bi). Solve the following set of equations for pHjipg
and log Pco :

Zind

dXx

d(PHind)
where X = (pH] - pHing)Z + (pHp - pHing)? + (pH3 - pHing)?
4y =0

d(log Pcozind)



19

where Y = (log Ppp - log Pco, )2+
2 Zind

(log Pg - log P )2+
LOZZ COZind

(log PCOZ3 - log Pcozin )2

d

H: = m:
pH; = m; log Pcozind + by

for i = 1,2,3

o
o

PHind -
Pc =
log LOZI =
mj
A curve nomogram was then plotted by connecting the hemoglobin-independent
points for a series of BE values.

Alignment nomogram. Curve-shifted data were used for a comput- erized
construction of the alignment nomogram, in a manner similar to that described
by Siggaard-Andersen (l74).

"Mean' Pig

For each pig, the previously derived regression equations (one for each
concentration of hemoglobin) were used to calculate pH values at 2ach standard
Pco,, at each standard base excess. The resulting four pH values (one per
pigs at each Pcpy,, BE and concentration of hemoglobin were averaged, thus pro-
ducing a set of data representing the '"mean" pig. Raw data could not be used
for this purpose because the base-excess values of the sampled blood differed
slightly among pigs, thus requiring differing degrees of 'curve- shifting" to
achieve "normalization'. 'Mean' pig data were then handled as if they were
from a single pig, and the above described analysis was performed. The result
was separate ''mean’ curve and alignment nomograms.
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3. Determination of anesthetic dose of ketamine or thiopentsl, in hypo-
volemic swine.

The need for this study was suggested following the presentation of data
from study #1 to our departmental research seminar. Although the minimal
anesthetic doses of ketamine and thiopental are well described in man and
animals during normoveolemia, the data do not exist for the hypovolenmic state.
If hysovolemia causes the minimal required doses of anesthetic agents to be
altered differently among agents, results from study #1 would be difficult to
interpret. We therefore conducted the following study to determine the
minimal anesthetic doses of thiopental and ketamine in our hypovolenic model.

Eight swine (Chester-White-Yorkshire cross) littermates (mean weight +
SE), 15.3 + 0.4 kg) were divided into four pairs on the basis of similarity in
weight. One of each pair was randomly assigned to receive thiopental (group
T) or ketamine (group K). All animals were in good health for each study.

Animals were anesthetized four times while normovolemic, at least two
days separating each study. Unmedicated animals were placed in a sling, and a
cannula was inserted into an ear vein. In random order, on four separate
occasions, group K animals were given ketamine 12.5, 15, 17.5, or 20 mg/kg iv.
Group T animals were given thiopental 7.5, 10, 12.5, or 15 mg/kg iv. Eventu-
ally, each animal received all four doses.

Animals were anesthetized four times while hypovolemic, one week separat-
ing each study. Unmedicated animals were anesthetized briefly with halothane
in oxygen and nitrogen while arterial and venous cannulae were inserted.
Arterial blood samples were obtained; and PO,, PCO,, and pH measured by
appropriate electrodes. Arterial bleod presSure was transduced (Statham Model
23Db) and recorded (Gould Model 2800 polygraph). Halothane was discontinued,
the animal allowed to awaken, and placed in a sling. Further experimentation
was delayed until the end-tidal partial pressure of halothane, as measured by
mass spectroscopy, fell to less than 0.5 torr (0.05 MAC). To prevent hypoxia
during and after blood loss, animals were given l-2 l/min oxygen by mask.

Each animal was bled by 30% of its estimated blood volume (106) over a 30-min
period. To ensure stability, 30 min of observation followed. In random
order, on four successive weeks, group K animals received one of four IV doses
of ketamine: 2.5, 5, 7.5, or 10 mg/kg IV; group T animals received thiopen-
tal, 5, 7.5, 10, or 12.5 mg/kg 1V. Eventually each animal again received all
four doses.

Following the administration of each drug in either the normovolemic or
hypovolemic state, the animal”s response (i.e., movement or lack of movement)
to a clamp on the tail was determined. Tail-clamp tests were performed 10,
20, 30, 45, 60, 90, 120, 180, 240, and 300 sec. after drug administration.

The data obtained will be useful in evaluating the data from study #l. In
addition, the data will be useful to the practicing anesthetist, who must
administer these drugs to a hypovolemic soldier. These results will allow us
to provide recommendations to USAMRDC regarding the dose of these anesthetic
agents for use for induction of anesthesia in a wounded soldier who is hypo-
volemic, and whose blood volume cannot be adequately vestored prior to sur-
gery.

Statistical Treatment of Data: Responses to clamp on the tail were
analyzed statistically using the method of Waud (131). Imn addition, the
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maximum dose of drug which failed to prevent movement in each individual
animal and the minimum dose of drug which prevented the animal from moving was
averaged for ecach aunimal. This average for the four animals in each group
were compared between normovolemic and hypovolemic states by using student”s
t-test. Differences between the two states were compared for the two drugs,
using student”s t-test.
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4. Determination of minimal alveclar anesthetic concentration (MAC) of
halothane and nitrous oxide, in swine

In order to perform study #5 described below (comparison of cardiovascu-
lar sequelae of induction of anesthesia with nitrous oxide or halothane, in
swine) it was first necessary to carefully determine equivalent anesthetic
concentration of these agents in our animal model. Although MAZT has been
determined for man and many laboratory animals for both nitrous oxide and
halothane (132), it has not been previously determined in swine. MAC for the
same anesthetic agent ditffers to a fair extent among species (132)and assump-
tion of an average concentration for use in study 5 could create errors suffi-
ciently large to invalidate the study. We, therefore, determined MAC for
nitrous oxide and halothane in swine.

Eight young, healthy swine (weight 24.7 + 1.l kg, mean + S.E.; age
approximately 10 weeks) were anesthetized, in random order, with either
halothane in 30X oxygen, balan - nitrogen, or with halothane, 70% nitrous
oxide and 30% oxygen. The trachea was intubated, and the animal allowed to
breathe spontanecously while in the lateral decubitus position. Partial pres-
sures of oxygen, carbon dioxide, nitrous oxide, and halothane were measured
coutinously by mass spectrocopy (Perkin-Elmer model MGA110UAB) at the endotra-
cheal tube orifice. Rectal temperature was measured with a thermister (Yellow
Springs) and MAC determined, as described below. The anesthetic was then
changed by either the addition or elimination of nitrous oxide, and MAC deter-
mined again. When nitrous oxide was eliminated, we waited until its end-tidal
partial pressure fell to less than 0.23 torr before continuing experimenta-
tion.

MAC was determined in a manner similar to that described by Eger and
Saidman (133). Briefly, following each change in anesthetic concentration,
end-tidal partial pressure was held constant for a minimum of 15 minutes. A
clamp was placed on the tail of the animal. The animal”s response (movement
or no movement) to the stimulus was noted. If the animal moved, anesthetic
concentration was increased by approximately 5-10% of its concentraton. If
the animal did not move, anesthetic concentration was decreased by a similar
amount. When a concentration was eventually reached for which the animal”s
response changed, changes in anesthetic concentration were diminished so that
the concentration of halothane at which the animal moved did not differ by
more than 0.057% halothane from the concentration at which the animal did not
move.

When N0 was used, its end-tidal concentration was held constant at 70%
(70.14 + 0.05%, mean + S.E.). The MAC for Ny0O was determined by difference,
in each animal, and the results averaged. To determine the individual MAC for
N0, the concentration of N0 was multiplied by the inverse of the fraction of
a MAC for halothane which the N0 contributed for each animal:

M“

=C .G —y )
M Ny T My

where MN is the MAC for nitrous oxide, in %; My is the MAC for halothane, in
Ay M is the MAC for halothane, in %, in the presence of nitrous oxide at a
concentration of C . In this manner, MAC was determined for each animal, and
the results averaged.




23

The mass spectrometer was calibrated with calibrated tanks of halothane
and nitrous oxide. We produced the halothane standard tank, and calibrated it
multiple times against standards made by vaporizing a measured volume of
halothane in a secaled flask of known volume. The calibration tank of Nj;u was
commercially produced and calibrated (Liquid Carbonics); we further checked

it against the mass spectrometer calibrated with 100% NZO'

Data from this study will allow us to use the appropriate concentration
of anesthetic agent for study 5.
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5. Evaluation of nitrous oxide for induction of anesthesia during hypo-
volemia.

The purpose of this experiment is to test the hypothesis that nitrcus
oxide does not offer any cardiovascular or metabolic advantage over other
anesthetic agents when used for induction of anesthesia during hypovolemia.

Because the data from study #4 showed the minimal alveolar anesthetic
concentration of nitrous oxide to be close to 2807%, the depth of anesthesia in
those animals given nitrous oxide in study #1l, was not comparable with that of
other groups. Therefore, the following experiment will be performed. The
approach is the same as for study #1 described in this report (pages 13-15),
except for the groups of anesthetic agents:

Group I: Nitrous oxide, 70%
Group IL: Halothane, 0.31%
these concentrations of anesthetic agents are equivalent, i.e. 25% MAC,

The data from this experiment will show the comparative cardiovascular
influence of nitrous oxide with halothane when used for induction of
anesthesia duris significant hypovolemia. These results will allow us to pro-
vide recommendations to USAMRDC regarding choice of anesthetic agents for
induction of anesthesia in a wounded soldier who is hypovolemic, and whose
blood volume cannot be adequately restored prior to surgery. Should nitrous
oxide not prove to have any advantage over other anesthetic agents, it will
further allow us to recommend that USAMRES recommend to the appropriate agency
that it consider the cessation of supplying nitrous oxide to battlefield

facilities, (supplying NyO to battlefield facilities represents a large
logistical burden).
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C. Results:

1. Awake Hemorrhage:

We have successfully established the awake hemorrhagic swine model in our
laboratory. Loss of 305 of estimated blood volume results in physiologic
sequelae similar to those occurring in other laboratory animals and man. See
table 1, page 54. Thirty percent hemorrhage causes decreased right-and left-
sided filling pressures (right atrial and pulmonary arterial wedge pressures),
resulting in a 38% decrease in cardiac output. Despite a 3 fold-increase in
plasma renin activity and a doubling of plasma catecholamine concentration,
resulting in increased systemic and pulmonary vascular resistances, compensa-
tion was inadequate. Mean arterial blood pressure fell 247, and mean pul-
monary arterial pressure, 297%. Total-body oxygen consumption increased sys-
temic and hypoperfusion was evident from increased blood lactate concentration
and base-deficit (decreased base-excess).
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2. Comparison of Ketamine, Thiopental, Enflurane, Halothane, Nitrous Oxide
and Isorlurane During Induction of Anesthedsia During Moderate Hypovolemia:
The E;Eerimentation; biochemical, enzymatic, and hormonal assays; and data
analyses have been completed. These are being reported im an abstract (134)
and two manuscripts (see addendum BS5, and appendices 1 and 2).

a. Induction of anesthesia with ketamine or thiopental (sec table 2,
pages 55-56).

Control Animals: After the initial changes caused by hemorrhage, no variable
further changed in control animals during the hypovolemic period.

Five Minutes after Induction: Five minutes after administration of ketamine
(P < 0.05), but not thiopental (P > 0.05), plasma epinephrine, norepinephrine,
and renin activity had increased. Despite these differences in circulating
vasoactive agents, ketamine and thiopental produced similar changes in compen-
satory cardiovascular responses to hemorrhage. Systemic vascular resistance
was less in Groups K and T than in Group C. Neither agent changed right- or
left-sided cardiac filling pressures. Although ketamine and thiopental signi-
ficantly decreased heart rate, the resulting rates did not differ signifi-
cantly from the rate for Group C. Although only ketamine decreased stroke
volume (0.9540.12 to 0.70+0.10 ml/kg, P<0.005), the resulting values did not
differ among groups. Cardiac output decreased similarly in Groups K and T to
values less than that for Group C. As a result, mean systemic blood pressures
did not differ between Groups K and T; however, both groups had pressures that
were less than those for Group C. Oxygen consumption did not differ among the
groups, but whole-blood lactate concentrations increased similarly in Groups K
and T.

Thirty Minutes after Induction: Thirty minutes after induction, most
values had recovered towards preanesthetic levels during hypovolemia; however,
significant differences remained. Plasma epinephrine concentration was still
greater in Group K than in Groups C and T (which were not different from each
other). Although plasma norepinephrine concentration was greater in Group K
than in Group T, these two groups did not differ from Group C. Plasma renin
activity was greater inm Group K than in Group T, but the activity in these
groups was not different from Group C. For Groups K and T, SVR did not differ
from each other, but was less than that for Group C.

Right- and left-sided cardiac filling pressures and heart rate remained
similar, and cardiac output no longer differed among grouvs. Also, the resul-
tant mean systemic arterial pressure was similar for Groups T and K; both were
less than that for Group C.

Oxygen consumption did not differ among groups, but whole-blood lactate
concentration continued to increase and base-excess continued to decrease sig-
nificantly only in Group K (P < 0.05).

Return of Shed Blood: Thirty minutes after return of shed blood, cardiac
output was greater in Group K than in Groups C or T. Blood lactate was still
greater in Group K than in either Group T or C. There were no other signifi-
cant differences among groups.

Ninety minutes after return of shed blood, there were no significant
differences among groups for amny variable.
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All animals survived 24 hours, at which time they were killed.

b. Induction of anesthesia with enflurane, halothane, and isoflurame
(see table 3, p 57).

There were no differences among the four groups in the normovolemic or in
the hypovolemic condition. Hemorrhage caused the expected cardiovascular and
metabolic effects. Right- and left-sided cardiac filling pressures decreased
and although plasma renin activity, plasma concentrations of norepinephrine
and epinephrine, heart rate, and systemic vascular resistance increased,
stroke volume, cardiac output, and systemic arterial blood pressure decreased.
In addition, base-excess decreased and whole-blood lactate concentration
increased. Hematocrit decreased from 36% to 317.

Halothane, enflurane, and isoflurane caused similar cardiovascular and
metabolic effects when given to induce anesthesia during hypovolemia; all were
different from control animals whose values remained unchanged during the com-
parable time period (see table 3, pages 57). Induction of anesthesia caused a
significant reduction in cardiac output and systemic vascular resistance, thus
causing a profound decrease in mean systemic blood pressure. Administration
of all anesthetics resulted in increased blood lactate. Oxygen consumption
did not change. Plasma renin activity increased but plasma catecholamines did
not change. Thirty minutes after induction of anesthesia (anesthetic held
constant at the above concentrations) cardiac output had increased, therefore
causing an increase in mean systemic blood pressure; systemic vascular resis-
tance, cardiac filling pressures, and heart rate did not change appreciably.




28

3. Swine blood acid-base chemistry:

The mean acid-base curve nomogram for swine blood is depicted in Fig. 5,
p 59; the data are presented in Table 4, p 58. We compared our curve nomogram
for swine blood with that of Siggaard-Andersen (168) for human blood, and with
that of Scott Emuakpor (161) for canine blood (Fig. 6, p 60). The alignment
nomogram is shown in Fig. 7.
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4. Determination of anesthetic dose of ketamine or thiopental, in hypo-
volemic swine.

This siudy has been comp.eted and will be reported in a manuscript, to be
prepared.

Hypovolemia in swine reduced the minimum anesthetic dose for both
thiopental (P < 0.025) and ketamine (P < 0.0l); (see table, page 62). These
reductions (thiopental 33% + 5%; ketamine, 40% + 5%) were not statistically
different (P > 0.2) from each other. After hemorrhage and before drug
administration, mean (+ SE) arterial blood gas values were as follows: PO,
177.8 £ 20.1 torr; PCO,, 41.9 £ 1.5 torr; and pH, 7.323 £ 0.11. Mean (& Sﬁ)
arterial blood pressure was 92 + 3 torr after hemorrhage, 69 + 9 torr after

administration of ketamine, and 68 4+ 7 torr after administration of thiopen-
tal.
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5. Determination of minimal alveolar anesthetic concentration {MAC) of
halothane and nitrous oxide in swine.

This study has just been completed. We will begin preparation of a
manuscript.

¢

MAC for halothane in normovolemic swine was determined to be 1.25
(mean * S,E.; range: 1.08 - 1.47%). MAC for N_ O was determined to be

0.04%
2 7
187 (mean + S.E.; range: 204 - 361%).

+

x
2

Temperature of the animals was 37.7 4 0,2°9C; hematocrit was 35 * 0.77%.
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D. Discussiou:

1. Hemorrhage model:

The swine is an excellent animal for laboratory investigations involving
hemorrhage. Swine are more readily available than dogs, and in more uniform
size. Their cardiovascular physiology more closely resembles that of man than
does the dog.

Our animals are undoubtedly not "at rest’ as are those of Hannon (104-
105). However, it is necessary to ventilate the awake normovolemic animals in
order to conduct valid comparison of that state with the state following
induction of anesthesia. Nevertheless, the awake normovolemic values for our
swine appear to fall within the broad range of values reported by others for
unanesthetized swine (l0Q4-110, 130). Hannon (104) has discussed the possible
reasons for data variability in the literature, and those need not be repeated
here.
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2. Comparison of ketamine, thiopental, enflurane, halothane, and isoflu-

rane for induction of anesthesia during moderate hypovolemia.

a. Ketamine and thiopental.

The cardiovascular effects produced by induction of anesthesia with
ketamine during hypovolemia differ from those seen during normovolemia. Heart
Tate, mean systemic blood pressure, and6§?gg§g$,9ytput ingz?ggféy?78 ketamine
is administered to normovolemic animals or man . In con-
trast, these variables decrease during hypovolemia. In our study ketamine and
thiopental produced identical cardiovascular changes initially. Although
these two anesthetics affected plasma catecholamine concentrations and renin
activity differently, both caused similar deterioration of the animal”s com-
pensation for hemorrhage, and decreased SVR, cardiac output, and BPa, Thirty
minutes after induction, hypovolemic animals who had received ketamine for
induction became progressively more acidotic, while those who had received
thiopental or no anesthetic did not. Administration of ketamine further
increased circulating catecholamine concentrations above the already elevated
levels caused by the sympathetic response to hypovolemia. Thus, one portion
of our hypothesis was not supported. In swine, the sympathetic response to
30% hemorrhage was not maximal; further sympathetic response was possible.

The concomitant increase in plasma renin activity after adminéstfaéiYg7of
ketamine may be a functjgn of increased sympathetic activity, '’ ’ other
circulating substances, or a separate action of ketamine. The progressive
lactic acidosis 30 min after induction, seen only in the ketamine group, may
be a result of increased oxygen demand caused by increased sympathetic
activity without concomitantly increased blood flow, or decreased hepatic
uptake of lactate, or both.

In intact experimental animals, it is not certain which measure best
reflects inadequac{}gf tissue perfusion. Huckabee proposed blood “excess lac-
tate" as a measure ’1881 later Cain demonstratedlkéood lactate concentration
to be at least as good , if not a better measure of oxygen deficit. Pre-
viously, we have shown in asplenic dogs, bled while anesthetized, that blood
lactate concentration and base-deficit developed to a greater extent when they
weresinesthetized with ketamine than with halothane, enflurane, or isoflu-
rane ~. Conversely, Longnecker et al. have reported higher excess lactate in
rats bled whii anesthetized with halothane than similar rats anesthetized
with ketamine . However, we have calculated that those rats anesthetized
with ketamine had a greater base-deficit (approximately 1l mmol/l) than those
anesthf&ized with halothane (approximately 2.5 mmol/l). Recently, Longnecker
€t oal. reported higher PO, in cremaster muscle of rats bled while anesthe-
tized with ketamine than in rats bled while anesthetized with balothane. How-
ever, since arterial blood gases were not measured, and all animals breathed
room air spontaneously, it is not possible to determine whether the tissue Po
differences were related to perfusion or arterial oxygen tension, or both.
Furthermore, since compensatory events in response to hemorrhage differ among
tissues, these measurements do not necessarily reflect conditions in other
organs,

2

In these experiments, despite the increase in catecaolamine concentra-
tiovs and renin activity, SVR, BPa, and cardiac output decreased. This
faiiure of massively increased levels of circulating catecholamines to main-
tain BPa, SVR, and cardiac output implies that ketamine has a powerful
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opposing depressant effect, or that the maximal response to stimulation had
been 2gh%gvT23 lLl&eitamine has been shown to be a direct myocardial de 5=
sant, "' 77 ’ not to cause contraction of rabbit aortiiagtrips, and to
relax phenylephrine-induced contracgid rabbit aortic strips . §imilarly,
thiopental depresses the myocardium and peripheral vasculature. In our
experiments, both anesthetics decreased SVR. The fall in stroke volume index
at a time when left ventricular preload increased, seen after administration
of ketamine, tends to indicate myocardial depression. However, since heart
rate, afterload, and myocardial compliance were not controlled, no conclusion
can be drawn. Alternatively, the increase in circulating catecholamines in
the animals given ketamine could have been a respouse to the hypotension pro-
duced by the drug. This would imply that thiopental blocked a similar
response. Qur experimental data can not differentiate between these proposed
mechanisms. Nevertheless, our data do support the second part of our
hypothesis: that further sympathetic stimulation during induction of
anesthesia during hypovolemia is not beneficial. Several aspects of our metho-
dology should be discussed. Our animals were not "trained"; therefore, data
obtained in the absence of anesthesia, with the animals”™ tracheas intubated
and the animals mechanically ventilated, may not be equivalent to data for
"resting" animals. Nevertheless, cardiovascular data we obtained for the
unmedi?ated,.normovoisgiiosfiff’fiizlYgthin the range of values'reported by
other investigators. Furthermore, hypovolemic and/or trau-
matized humans are not in a "resting' state. The few limited reports of
hemorrhage in unmedicated swinelBgv?OshYYT an arterial blood pressure response
similar to that of our animals. ’ ? Because detailed cardiovascular
response of unmedicated swine to hemorrhage has not been reported, we cannot
compare some of our results with those of other investigators. Hemorrhage
produced changes similar to those we have observed in a larger group of simi-
lar swine (Weiskopf RB, Bogetz MS: see table 1, p 54). All cardiovascular and
metabolic responses to hemorrhage in our swine are consistent with what is
known for man. Although the dog has been the species most frequently used to
study hemorrhage, igslzgsponse and that of the rat ditfer in important ways
from that of man. ’ In these species, contraction of the hepatic
sphingefasauses splanchnic engorgement and a number of sequelae not seen in
man. ’ The respon of the gastrointestinal tract of swine in shock
resembles that of man. Because we did not conduct a dose-response study, we
cannot address the question of whether other doses of ketamine or thiopental
could have produced different effects during hypovolemia. However, the
minimal anesthetic dose required during normovolemia was determined for both
agents and individually for each animal. This dose was then reduced in accor-
dance with our findings that hypovolemia similarly reduces the anesthetic
requirement for thiopental and ketamine. Smaller doses would not have been
anesthetic, and other cardiovascular responses could have occurred. Our data
do not demonstrate a beneficial effect from using ketamine during hypovolemia.
Studies reporting satisfactory use of ketamine for patients in "hemorrhagic
shock™ have had some shortcomings: the concomitant use of other drugs; and/or
the failure to substantiate major blood volume deficit, to indicate the dose
of ketamine admggis;eysd, or to document cardiovascular responses at specific
time intervals,>*’%s The literature concerning the use of thiopental for
induction of anesthesia during hypovolemia is also anecdotal. In World War
II, the drug was used in doses of at least 500 to 1,000 mg. Patients breathed
spontaneously; and in many cases, inspired oxygen concentration was 21%. It

>3 . v - 2 .
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is not surprising that the result was sometimes catastrophic. Ketamine was
introduced 30 yecars later, after use of controlled ventilation and high
inspired comcentrations of oxygen had become routine, and after anesthesiolo-
gists had become more skilled at recognizing and treating hypovolemia. These
improvements alone would have improved outcome. If anesthesia wmust be induced
in a hypovolemic patient, ketamine 0.5 mg/kg iv is often administered. Some-
times the result is satisfactory; sometimes severe cardiovascular depression
results. Because many other events occur .lmost simultaneously (endotracheal
intubation, positive-pressure ventilation, skin incision and rapid initiation
of surgery, continued fluid infusion), the outcome does not reflect the
effects of the anesthetic agent alone. Our data indicate that moderate hypo-
volemia does not produce a maximal increase in circulating catecholamines.
Administration of ketamine, but not thiopental, causes a further increase.
However, the increased plasma concentrations do not further stimulate the cirt-
culation, either because they are above the maximal possible effective concen-
trations, or because their effect is overwhelmed by the depressant qualities
of ketamine, or both. Administering ketamine for induction of anesthesia dur-
ing hypovolemia did not offer any advantages over thiopental when both were
used at the minimal anesthetic dose. The clinician should note that an
anesthetic agent is not a substitute for adequate restoration of blood volume
and venous return; and when an anesthetic must be administered during signifi-
cant hypovolemia, cardiovascular depression should be expected.
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b. Ekntlurane, halothate, and isotlurane.

A desirable property ot any anesthetic apent used in the presence of
hypovolemia would Le to have wmiiniwal effcct on the compensatory mechanisms for
hemorrhage. Dburing ncruovoelemia, in healthy volunteers, halothane tends to
rmaintain systemic vascular resistance (5,6) and isoflurane tends to maintain
cardiac output (lw,15). theretore, one nmight have thought that these agents
could be used pretercntially in the presceunce of hypovolemia. We have found
that halothane, entflurane, and isoflurane cause similar deterioration of car-
diovascular compensation tor hemorrhage when used to induce anesthesia during
hypovolemia, The administration ot even a reduccd dose of these anesthetics
(U.a MAC) caused a protound decrease in cardiac output, systemic vascular
resistance, and tierefore, mean systemic blood pressure. The decrease in
stroke volume, without a change in heart rate or filling pressures implies
myocarcial c¢epression, although atterload and myocardial compliance were not
controlled. In addition, the anesthetics prevented a retlex increase in heart
rate anu an increase in plasma catecholamines.

Although, the greatest blood lactate concdentrations were seen with enflu-
rane, implying the greatest wismatching of oxygen supply and demand, the mag-
nitude ot the lactate concentrations iuplies a reduction in oxygen demand
caused by all three agents. Similarly, we have found that halothane and iso-
fiurane, but not entlurane, reduced oxygen demand more than supply in dogs
bled during halothane, enflurane, or isotlurane anesthesia (ol2).
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3. Swine blood acid-base chemistry.

Our mean curve and alignment nomograms for swine blood are different fronm
nomograms for human blood (168,174) and canine blood (l161) (Fig. 6). As a
technical check, we performed similar but limited experiments with blood of
two human volunteers. The resultant limited nomograms (30 data points, at
hemoglobin concentrations of 3, 10, and 15 g/dl) were similar to that of
Siggaard-Andersen (174) between base excess of -10 and +10 mmol/l (P>0.5), but
different from our swine nomogram (P<0.001), To compare the swine alignment
nomogram with that drawn by Siggaard~Andersen for human blood (174), we plot-
ted our data of known pH, Pcp,, hemoglobin concentration and base excess on
the Siggaard-Andersen alignmeiit nomogram as if we were unaware of the true
base-excess value., The base-excess values determined from the Siggaard-
Andersen nomogram were compared with the true BE values. The resultant
estimated base excesses differed (P<0.00l) from the known base excess of all
blood samples at all concentrations of hemoglobin and base excess, except at a
BE of zero, for which the results are definitionally identical. In nearly all
cases, however, the calculated value was within + 107 of the true value.

There are several possible explanations for the differences between our
nomogram and that of Siggaard-Andersen. Neither set of data is based on the
blood of a large population: Siggaard-Andersen used the blood of four people,
we used four swine. However, in our experiments, iriividual variation did not
appear to be an important problem,

Some of the observed differences may relate to differences in
species. Scott Emuakpor et al. (161) described a curve nomogram for canine
blood which differed from Siggaard-Andersen”s curve nomogram for human blood.
The buffer value of plasma proteins and hemoglobin can vary among mammalian
species (175,176), and this may account for some, but not all (177), of the
differences among the nomograms. Measured total protein of our swine blood
(7.2 + 0.3 g/dl) was similar to the normal value for man.

To create blood samples of altered base excess, we avoided important
dilution of plasma proteins by adding small amounts of relatively concentrated
(0.2~0.8 N) acid or base. We thereby produced some alterations in ionic
strength of blood, which may account for some of the differences between our
nomograms for swine blood and those of Siggaard-Andersen for human blood (168,
174). However, our curve nomeogram for swine blood differs even more from the
original curve nomogram of Siggaard-Andersen and Engel for human blood (169),
for which the identical method of addition of acid or base was used.

To construct the nomograms, we followed the general methodology of
Siggaard-Andersen. However, the two methodologies differ in several important
ways.

We used a method different from that of Siggaard-Andersen to "shift" the
original data in order to "normalize" the drawn blood to the established
definition of BE = 0, pH 7.400, Prg, 40.0 torr. Siggaard-Andersen accom~
plished the following tasks graphically, fitting the curve and selecting the
points by eye (18): a) curve-fitting the two conrtant COp titration curve
plots (pH vs. acid or base added) at each concentration of HKb; b) estimating
similar data for Pco, 40 torr, assuming a linear relationship between log PCOZ
and pH, followed by Curve-fitting of the Pcg, 40 torr data as in a); ¢)
estimating the axis shift (acid or base addeé) to align the PCOZ «0 torr data
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so that at a pH of 7.400, base excess was set equal to zero; d) estimating
from the hand-drawn iso-P¢gy, curves, the pH at pre-selected levels of Lase
excess, An example of this graphic process, using data from one of our swine,
is shown in Fig. 4. We accomplished all of the above with a computer, the
resulting curve-fit equations describing the data with an accuracy of more
than 99.95%.

To draw the base excess grid, Siggaard-Andersen used his previously
developed pH-log Pcg, curve nomogram for one set of blood pH and Pcg, values,
and an empirical relitionship between buffer base, hemoglobin concentration
and base excess to estimate the required second pair of blood pH and Pry,
values. Because of our uncertainties regarding the specificity of the pdA-log
PCOg curve nomogram and the empirical relationship described above, we chose
to use our original data and the computer-generated curve-fits to that data to
determine the base-excess grid.

To generate the continuous isohemoglobin lines of the base-excess grid
from the original data, we developed computerized empirical mathematical equa-
tions that were plotted by computer. Siggaard-Andersen used points determined
graphically to draw curves by hand. Although we have not examined systemati-
cally the differences between the two techniques, we did note before comple-
tion of the computer programs that seemingly small, unimportant interpretive
differences that occurred when drawing curves by hand through the original
data created relatively large differences in the estimated amount required to
shift the "acid-or-base-added" axis. These differences created relatively
large differences in the alignment nomogram.

Another difference between Siggaard-Andersen”s nomogram and our own is
the temperature at which tonometry and measurement of pH were performed.
Siggaard-Andersen”s experiments were performed at 38°C; ours were performed at
38.5°C (normal body temperature for swine). Siggaard-Andersen correctly
stated that measurements performed at temperatures within + 2°C of 38°C (the
standard temperature of his nomogram) are "without any practically significant
error” (21). We temperature-corrected some of our pH and Py, data from
38.8°C to 3&.000, and then estimated base excess from our nomdgram. All esti-
nates were within + 0.1 mmol/l of the true value. Similarly, using esta-
blished data for pK~ solubility of CO; in plasma (178), we determined that
change in calculated plasma HCO3~ between 38.0 °C and 38.8°C was less than 0.1
mmol/l.

Finally, there are differences in the methodology of measuring pH, the
major variable upon which these nomograms rest. As a result of advances in
design and construction of pH electrode (122) and amplifier (179), our deter-
minations of pH probably had less variability (0.001 + 0.001 pH units, SD)
than did the measurements of Siggaard-Andersen. Variations in the measurement
of pH that are usually considered minor (e.g., 0.003 pH units) result in
surprisingly large differences in the final nomogram, because relatively small
changes in the slope of nearly parallel lines greatly alters their point of
intersection. Small variations in pH create the largest changes in the nomo-
gram in the base-excess range of +10 to 425 mEq/l: the range in which our
nomogram differs most from that of Siggaard-Andersen.

. -— - A A U S A
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4. Determination of anesthetic dose of ketamine or thiopental, in hypo-
volemic swine.

Moderate hemorrhage (30% blood loss) produced similar reductions in the
anesthetic requirement of these two different intravenous anesthetic agents.

Many v gfablcs affect the amount of drug required to produce
anesthesia. We were not able to study all, or even most, of these variables
because of limitations imposed by our experimental design, which was selected
to give the best answer to the question posed (does hypovolemia reduce
anesthetic requirement for induction agents, and if so, does the reduction
differ for different drugs?) Consequently, we have limited physiological
information from these animals to complement the finding of reduced anesthetic
requirement.

We do have, however, a good deal of information about other swine whose
blood volume were similarly reduced (see table 1, page 54). Variables in
these animals were measured during normovolemia and after 30% blood loss.

Mean values (% SE) decreased for arterial blood pressure (from 130 + 2 torr to
98 + 3 torr) for cardiac output (from 174 + 5 ml/min/kg to 113 + 6 ml/min/kg),
and for base-excess (from 5.3 + 0.3 mmol/l to 3.1 #+ 0.3 mmol/l); and increased
for blood lactate concentration (from L.l + 0.1 mmol/l to 1.8 + 0.1 mmol/1).
When half of the drug dose which produced anesthesia during normevolemia was
administered to these animals during hypovolemia, further reductions occurred
in cardiac output (to 76.9 + 5.1 ml/min/kg after ketamine, and to 74.0 + 5.9
ml/min/kg after thiopental), and in mean arterial blood pressure (to 41.4 +
3.5 torr after ketamine, and to 52.1 + 7.8 torr after thiopental), and in
base-excess. Blood lactate concentration increased even further. These mean
arterial blood pressures are just below the level at which autoregulatioa is
able to maintain normal cerebral blood flow. Thus, some of the decreased
anesthetic requirement seen in these animals could have been a result of
decreased cerebral blood flow. However, the animals in the present study had
lesser decreases in hlood pressure. Nor did they exhibit sufficient acidosis,
hypercarbia, or decreased calculated oxygen content to account for a reduction
of anesthetic requirement during hypovolemia.

We did not measure cerebral blood flow, and thus, cannot relate it to
anesthetic requirement of these agents. However, since specific anesthetic
site(s) of action are not known, knowledge of global cerebral blood flow would
be of limited value. Knowledge of regionmal or microregional (if we knew which
microregion) blood flow would be more helpful. Cullen and Eger related
decrease in MAC to decreased oxygen deliver¥5£o the brain, either from
decreased Pa02” or severe isovolemic anemia A decrease in MAC correlates
well with the occurrence of central acidosis . Tanifuji and Eger found a
207 decrease in MAC for halothane in dogs made hypotensive to an arterial
blood pressure of 40-50 torr by a combination of trimethaphighinfusion, hea?gs
up tilt, and mild hemorrhage (approximately 12% blood loss) . Rao et al
noted a decreased MAC for halothane in dogs made hypotensive by administration
of pentolinium, trimethaphan, or nitroprusside, but stated that they did not
find a corre’ation between decreased MAC and decreased carotid blood flow. In
their experiments, mean arterial blood pressure did not fall below 60 mmHg, a
level above that which autoregulation can no longer maintain cerebral blood
flow. MAC however, decreased during the administration of all three drugs;
carotid blood flow did decrease significantly in the dogs given two of the
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drugs, but the large variability prevented achievement of statistical signifi-
cance for those in the third group. Furthermore, in the dog, carotid blood
flow is not ' a good indication of total cerebral blood flow. Thus, the litera-
ture does not contain « definitive study relating anesthetic requirement to
cerebral blood flow.

Hemorrhage increases sympathetic activitygo and circulating catecholam-

ines in swine (see table 1, page 54). Since an increase in sympathetic
activity increases anesthetic requirement, it is possible that anesthetic
requirement would be reduced further when the sympathetic response to hemor-
rhage is not possible or is blocked.

Our studies were performed with injectible agents and not inhalation
agents. Thus, it is possible that some, or even all of the reduction in
anesthetic requirement we observed after hypovolemia was due to a higher con-
centration of the drug in the blood and brain owing to a reduced volume of
distribution. Changes in concentration of the drug at the site of action
would depend upon alterations ¢f blood flow to that site relative to differ-
ences in blood coacentration.

PricelS7 predicted that following a single intravenous injection of
thiopental, its concentration in the central nervous system would be higher
after hemorrhage sufficient to reduce cardiac output by 40%, but insufficient
to alter cerebral blood flow, than after a similar injection during normo-
volemia. This mathematical model assumed that thiopental does not alter tis-
sue blood flow. However, this is not true during hypovolemia. From Price’s
figure one would estimate that the hypovolemic condition he assumed would
reduce the necessary dose of thiopental by approximately one-third. Our find-
ing of a 33 + 5% reduction in dose of thiopental is in accord with this,
although in the other series of hemorfggged swine in which we did measure car-
diac output, it fell by 35%. Bergman , in hemorrhaged dogs, found a
decreased plasma concentration of thiopental 5-90 minutes after injection over
a 2 minute period. Thiopental, however, disappears very rapidly from plasma
and richly perfuscd organs, such as brain. Five minutes after its administra-
tion, the concentrations of drug in the central pool and in the rapidly per-
fused Ygécera are less than 107% and 50% of their respective peak concentra-
tions; and 60 minutes after injectiYg9 concentrations in both compartments
are less than 5% of their peak values. Peak brain drug concentration and
anesthetic effect orcur within the first 2 minutes after injection. Because
thiopental rapidly leaves the areas of interest, attempts to extrapolate from
small concentrations measured much later, would be subject to error. This
would be further compounded as the drug”s effect on hemcdynamics changed with
changing concentrations in various compartments. Bergman did not measure the
dogs” blood pressure or cerebral blood flow. It is possible that with the
fall in blood pressure that likely occurred after thiopental administration %o
his hypovolemic animals, cerebral blood flow fell, thus decreasing washout of
the drug, resulting in lower plasma concentrations, This is possible because
within 15-45 seconds after injection concentration of the drug in richly per~
fused tissue is higher than in arterial plasma. ’ Unfortunately, we did
not measure drug concentrations in either plasma or brain, and thus, cannot
confirm or refute Price”s predictions or our speculations.
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5. Determination of minimal alveolar anesthetic concentration (MAC) of

halothane and nitrous oxide in swine.

This study was just completed. The minimal anesthetic requirement of
swine for halothane and T%Erous oxide is greater thanm that of man and most
often laboratory animals . Variability oisinesthetic requirement among
species has never been adequately explained . Our study did not have the
goal of explaining these differences, but rather had the pragmatic aim of
establishing the anesthetic requirement of our laboratory animals for these
anesthetic agents. The accomplishment of this goal allows us to appropriately

conduct other studies.
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E. Conclusions

1. The swine is an excellent laboratory model for the study of hemorrhage.
Its cardiovascular system and response to hemorrhage are more similar to
those of man than other laboratory animals. When used at a young age, the
animal is sufficiently large to instrument fully, yet not so large as to
make difficult their handling, housing, or care.

2. Comparison of ketamine, thiopental, enflurane, halothane, and isoflurane
for induction of anesthesia during moderate hypovolemia.

a. Ketamine and thiopental.

Both of these injectable anesthetic agents cause similar, important
deterioration of cardiovascular compensation for moderate hemorrhage. Reduc-
tions in systemic vascular resistance, mean systemic blood pressure, and car-
diac output are not different in hypovolemic animals in whom anesthesia is
induced with thiopental in comparison with those in whom anesthesia is induced
with ketamine., Both agents also further exaggerate the lactic acidosis seen
with hemorrhage. A potentially important difference is the continued progres-
sive lactic acidosis one half hour after induction seen in ketamine induced
animals but not in thiopental induced animals. We conclude that induction of
anesthesia in hypovolemic condition with ketamine does not offer any advantage
over induction of anesthesia with thiopental in a similar circumstance. The
progressive lactic acidosis seen only in the ketamine group implies that these
animals had either less good tissue perfusion, or decreased hepatic perfusiou,
or both.

b. Enflurane, halothane and isoflurane.

These inhalation agents all cause deterioration of cardiovascular compen-
sation for hemorrhage, similar to the deterioration seen with the injectable
agents, ketamine or thiopental. The decrease in systemic vascular resistance,
cardiac output, and mean systemic blood pressure among the animals receiving
the three inhalation agents are quite similar, as are the metabolic sequelae
and increased acidosis.

3. Swine acid-base curve and alignment nomograms differ from those of
man and dog, the only two other species for which these nomograms have been
constructed. The swine nomograms should be used when evaluating swine acid-
base baiance.

4. Determination of anesthetic dose of ketamine or thiopental in hypo-
volemic swine.

Hypovolemia decreases the minimal anesthetic requirement of the two
injectable agents studied (ketamine, thiopental). The reduction in minimal
amount of anesthetic required was not different for the two drugs.

5. Determination of minimal alveolar anesthetic concentration (MAC) of
halothane and nitrous oxide, in swine.

The minimal alveolar concentration for halothane and nitrous oxide in the
swine was somewhat higher than most laboratory animals. Therefore, planned
studies with swine, and data obtained from anesthetized swine, must be
evaluated with this information about their anesthetic requirement in mind.
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Recommendations:

Swine should be considered for increased use for studies involving hemor-
rhage.

The author should (and will) describe the findings thus far in the
appropriate medical/scientific literature.

USAMRDC should consider providing to the appropriate agencies (? Academy
of Health Sciences; ? consultant for anesthesia to the Surgeon General)
the conclusions (2a,b;4) regarding use of ketamine, thiopentali, enflurane,
halothane, and isoflurane during hypovolemic conditions.

Studies regarding the cardiovascular and metabolic effects of use of
nitrous oxide for induction of anesthesia during hypovolemia should
proceed. Results from this study will allow us to provide recommendations
regarding the use of nitrous oxide for hypovolemic soldiers, and perhaps
afford the opportunity to allow for decreasing the battlefied medical
logistical burden (supply of nitrous oxide).

Studies cutlined in the contract regarding deterioration of compensation
for hemorrhage with induction of anesthesia should proceed. These offer
the opportunity to improve casualty management of induction of anesthesia
during hypovolemia. ’
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Legends for Tables and Figures

N=76.
Values are means + SE.

PWP, pulmonary artery wedge pressure; BPa, mean systemic arterial blood
pressure; PAP, mean pulmonary artery pressure; SVR, systemic vascular
resistance; PVR, pulmonary vascular resistance.

N=7 per group.
Values are means + SE.

RAP, mean right atrial pressure; VO; oxygen consumption; triangle BE,
change in base excess from previous state; triangle LAC, change in blood
lactate concentration from previous state. Other abbreviations same,
same as table 1.

KCT means that K is not statistically different from C, nor is C dif-
ferent from T, but that K is statistically different from T.

Groups: C, control, no anesthetic agent; H, halothane; E, enflurane; I,
isoflurane.

Data are means for 7, group C; 7, group H; 8, group E; 8, group 1.

Abureviations and units as in tables 1l and 2.
Data for swine curve nomogram.

Mean acid basc curve nomogram for swine. See text for derivation of
“mean” values for four swine and construction of nomogram.

Comparison of our '"mean" data for swine (0---0) with Siggaard-Andersen”s
data for humans (/\---/) and Scott Emuakpor”s data for canines (l---1).

Mean acid base alignment nomogram for swine. See text for derivation of

mean' data and construction of nomogram.

Data are mean + SE. N=4 per group. *Statistically different (p<0.05)
from normovolemic state).



Table l: Awake Swine Response to 307 Hemorrhage

Normovolemia Hypovolemia
Mean right atrial pressure (torr) 1.3+40.2 -0.240.2 <0.001
PWP (torr) 2.640.1 0.340.2 <0.001
Plasma renin activity (ng.ml-l.hr_l) 2,740.3 8.741.1 <0.001
Plasma epinephrine (pg/ml) 265423 737465 <0.001
Plasma norepinephrine (pg/ml) 242+20 452450 <0.001
Heart rate (beats/min) 11343 15746 <0.001
Stroke volume (ml/kg) 1.68+0.04 0.80+0.04  <0.001
Cardiac output (ml.min l.kg™ 1) 181+3 11243 <0.001
BPa (torr) 13042 98+3 <0.001
PAP (torr) 13.540.2 9.640.3 <0.001
Oxygen consumption (mlOz.min-l.kg-l) 7.5340.16 8.05+0.19 <0.002
Base-excess (mmol/1) 5.340.3 3.140.3 <0.001
Blood lactate (mmol/1) 1.140.1 1.840.1 <0.001
SVR (torr.17 . min) 35.340.7 43.8+1.4  <0.001
PVR (torr.1 L. min) 2.96+0.08 4.1640.14 <0.001

n=76, Values are mean + SE

PWP, pulmonary arterial wedge pressure; BPa, mean systemic arterial blood
pressure; PAP, mean pulmonary artery pressure; SVR, systemic vascular resis-

tance; PVR, pulmonary vascular resistance.




KETAMINE CF THIPPENTAL INDUCTION DURING HYT OVCLEMIA

o]

atle 2, Response of Swine to Inductinr of Aresthesia during 30% Hypov

Z min after incduction :
No Statist. No
anesthetic Ketamine Thiopental interpret. anesthetic
#AP (mmllg. 2.3 0 0.8 L C.2 - 2.2 ns =C.4 - 0.7 -

PWP (mmilg) L B ne1 - 0.6 1.3 - 1.0 ns Q.2 - D.4
Renin activity . BT 6.8 - 0.5 JHLT - 5.2 3.9 » 4.3 K>T,C 8.0 © 2.0

Srinephrine {pg/ml) OBy 2537 547 A3y - 310 K>T,C 524 + 346 -

Norepineprrine (pg/ml) e & LR ey S8BT T K>T,0 459 . 132
Heart rate (beats/min) L Te 1% - 3t 16 -1y rs tes 23
Stroke volume (ml/kg) ST IR B 2.7 - 0L SLTE 0L ns 0.84 - 0,13
Cardiac outpubt - o o AiTLG Te g e s UL TG K, T LS PN v
BFa (mmig: 7.2 0 Gk 41,4+ 3.5 22,1 - 7.8 CT,K 107.5 « 7.4

PAP (mmHz) 8.5 0,7 £.7 - N.8 B.1 - 2.F ns 9,9 - 1.0

9E fmmalll) J.6 ¢ 0,® -0.6 - 0.5 -0.1 + 0.5 ns 0.2 - 3.7

i.ac (mmol’l) -2.01 * G.06 0.55 * 0.23 0.65 + 0.24 C<K,T 0.00 - 0.04




SMIA
.ze of Swine to Induction of Anesthesia during 30% Hypovolemia
~in arter induction 30 min after induction
‘ tatist. No Statist.
Yeramine Thiopental interpret. anesthetic Ketamine Thiopental interpret.
o . cL2 0.2 s -0.4 + 0.7 -1.4 - 0.5 OuJ4 - 0.4 ns
e Ll 1.2 - 1.0 ns 0.2 = 0.4 0.4 + 0.6 0.9 - 0.4 ns
{ 57 s e 8.0+ 2.6  17.7 - 46  5.3-2.2 KCT
a7 63g - 310 K>T7,C 534 *+ 246 2139 * 1612 453 + 142 K>C, T
- cer - 170 KT, 2 479 - 132 568 - 367 191 - 101 KCT
1 116 1] rs o) 23 e 12 121 + 18 ns
| A Z.74 0 Tah n: Q.84 . 0413 7.01 - 0.07 0.86 - 0.09 ns
H 1 3 TEL,T 7 110,95 9.0 120.8 5.5 ns
R T2 J 2T LK 157 Tou 73.7 9,1 77.3 - 10.9 C>T1,
= 5.1 s rs 2.3 1.0 8.3 1.0 9. € 13 ns
l [ ? 32 TLEC 3.70 T8 0.2¢ ns
)
{ SR L) | LT PR TLaloe 0,¥8 2,21 - 0,45 2.11 - 0.36 K>T,C
F N T T TS TR TLE RSN W.T - U 36.6 - 3.9 C>T,K
T3 3.1 MR . ; R e 25 4,2f 0. 40 ns
B ~C.1 +» 0.5 ns o -1.- a.7 N1 0.6 CyT>K
5273 D.65 + 0.24 C<K,T SOt o GLDN 2.53 - 0.17 -0.01 + 0.16 T,C<K
'~
e




KETAMINE OR THICPFNTAL INDUCTION DURING HYPOVCOLEMIA
Table 2 (continued)-=Footnotes:

f Values are means © 5E;on o= gZreoip.

wobldamines ro

Croup UL cawstiieticd L
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1

RAP, menn right atrial pressure; PWF, ; iimonary 1

* pulmznary arterial (lood preusure; ?02, CKygern Lonsump
‘BE, change in iase excess from previous state; .lac,
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vascular resistance;




i

urteriil

e tal,
wedige pressure; BPa, mean systemic arterial

[
-

n hlood lactare concentration from prewvio i

r—

rn.r is T different from T, but that ¥ s ot

. A o )

stemic vascular resistance; PVR, -ulm:o..

Toreer

t




57

Table 3. Response of swine to induction of anesthesia with

enflurane, halothane, or isoflurane during 30% hypovolemia

Awake

Hypovolemic

BPa 97
Q 111

HR 155
SVR 44
EPL 746
NEPI “63
Renin 9.1
[\ Lactate +0.7

. s B A —

Induction of Anesthesia

5 min 30 min

C H E I C H E 1

97 36 28 29 108 55 45 43

113 67 65 61 124 88 86 91

162 145 150 121 164 150 152 137

42 26 21 25 45 30 24 26

285 833 426 469 534 712 383 332

209 249 291 121 459 266 301 124

-0.0 +0.6 +l.4 +0.9 0 -0.1 -0.4 0
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Table 4. Swine base-excess curve

Base excess

Coordinates

pH

(meq/ 1) lnits: ftore!
~20 Toled v,
-19 J.lel 2uly
-15 Tl 21~
-17 7.194 22.9
-lo 7.208 e, 1
-15 7.223 25.2
-14 7.236 2.3
-13 7.244 27.5
-12 7.262 25.6
-1l 7.275 29.6
-10 7.287 30.9
-9 7.298 32.0
-8 7.310 33.1
-7 7.321 34.1
-6 7.333 35.1
-5 7.344 36.1
-4 4.355 37.0
-3 7.366 37.9
-2 7.377 38.6
-1 7.389 39.4

nornogran

Coordinates

Hise excess pH PCO2
Coreq/do (Units) (torr)
u 7,400 40.0
+1 w.al2 40.6
2 7,424 41.0

) 7.436 4l.4

4 7.448 41.6
+5 7.401 41.8
[} 7.474 41.8

7 7.488 41.8

8 7.502 41.6

9 7.517 41.3
+10 7.532 40.9
11 7.548 40.4
12 7.565 39.8
13 7.582 39.1
14 7.600 38.3
+15 7.618 37.4
16 7.637 36.4
17 7.657 35.3
18 7.678 34,2
19 7.700 33.0
+20 7.722 31.7
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Table §. Minimal Anesthetic Dose of ketamine and Thiopental in

Swine during Normovolemia and after Hemorrhage

Minimum Anesthetic Dose (mg/kg) Reduction in minimum
During During anesthetic dose during
Drug Normovolemia Hypovolemia hypovolemia (%)
Ketamine 17.50+0.72 10.31+0.60* 4045
Thiopentul 11.25+1.02 7.50£0.72%* 3345

Data are mean + SE.

n = 4 per group

*Statistically different (P < 0.05) from normovolemic state.

- A a L - - —
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11. Personnel Receiving Support for This Contract

1. Weiskopf, Richard B., M.D.: Principal investizator
2. Mon-gnmery, Sue: Staff Rescarch Associate
3. DeManincor, Darlene: Staff Research Associate




12. Addenda

Prolems

During this contract year the following problems were encountered.

1.

Overall progression of contract goals proceeded at a pace which was slower
than anticipated because of the need to conduct additional studies for
the purpose of scientific validation.

One of the staff research associates underwent unanticipated surgery and
was out from work for a period of three weeks.

The mass spectronmeter required major repair with a down time of approximately
one month,

We have had intermittent problems with our supply of swine. The farmer

from which our supplier obtains swine has recently gone out of business. Our
supplier now obtains swine from several sources, The quantity and quality of
supply has now deteriorated. We are investigating alternate sources.
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Comparison of Cardiopulmonary Responses to Graded
Hemorrhage during Enflurane, Halothane, Isoflurane,
and Ketamine Anesthesia

Richard B. Weiskopf, MD,* Mary L. Townsley, BA,{ Kathryn K. Riordan, BS,{
Karen Chadwick, BS,t Mark Baysinger, BS,f and Eileen Mahoney, BA%

Weiskoee R B, TowaSLEY. M 1, RiorpaNn, K. K., CHADWICK,. K , BAYSINGER, M . aND ManoONEY, E.. Comparnison of
card:opuimonary respenses 1o graded nhemorrhage during enflurane. hatothane, isoflurane. anc katamine anesthesia
Anestn Araiq 1381.60 481-91

To assess tne influence of anesthetic agents during mild to moderate hemorrhage. the cardiopuimonary funzton of
hve awake. unmedicated dogs was compared with that duning anesthesia with enflurane. halothane, iscflurare. and
ketamine £ach dog was evatuated during anesthesia with each agent during normovoiemia and after blood losses of
10 .22 - and 30°. Before blood loss, in comparison with the awake state, ketamine increased heart rate (118 +
11 beats min, awake, vs 168 * 17) and cardiac output (5.3 £ 0.4 L min, awake. vs 6.0 + 0.2). Halothane and
isotiurane did not alter these variables. Enflurane decreased mean arterial blood pressure (110 + 2 torr, awake. vs 72
+ 3). caroiac output (3.5 = 0.1 L, min), and stroke volume (46 + 4 mi, awake, vs 28 * 2) %0 a greater extent than did
the other anestretics. Blood loss decreased cardiac output more with ketamine than’with the inhalation anesthetics
(ketamire, 0.120 L. min’percentage of blood loss: halothane, 0.077; isoflurane. 0.07 1: enflurane. 0.058; determined
by lrast-squares linear regression, 0-30% blood loss), so that after 30% hemorrhage cardtac output was essentially
the same during halothane (2.45 = 0.19 L/min), isoflurane (2 83 = 0.19 L. min), and ketamine (2.48 = 0.15L min)
anesthesia. Alse, during hemorrhage, systemic vascular resistance increased most with ketamine; thus, atter 30%
blood loss. mean arterial blood pressure wes highest with ketamine (ketamine, 94 + 7 torr; enflurane, 48 + 5 torr;
halothane, 81 = 4 torr, 1soflurane, 58 + 4 torr). Rate-pressure product and minute work were highest with ketamime
throughout hemorrhage. except for minute work after 30” blood loss These cardiovascular changes were reflected
in the measurements of metabolism. Total body oxygen consumption (V.,,) was highest with ketamine after 0% to 20%
blood tass {e.g., after 0° blood foss ketamine, 8.6 = 1.2 ml of O, min. kg, enflurane, 4.5 + 0.5; halothane. 4.0 +
0 3. 1soflurane, 4.9 + 0.6) Duning blood loss. V.. did not change with any inhalation anesthetic, but decreased with
ketamine (6.0 = 0 5 ml of O,/ min, kg after 307 blood loss). this decrease was associated with an increase in artenal
blood lactate concentration and base deficit (ketamine, BE ~8.0 + 0 5 meq 'L after 30°~ blocd loss), suggesting that
oxygen demand was not met during hypovolemia with ketamine anesthesia. In contrast. lack of change in blood
tactate. hase deficit, or oxygen consumption durng hemorrhage with the inhalation anesthetics suggests that oxygen
demand was satsfied when the dogs were bled during enflurane, halothane, or 1soflurane anesthesia.

Key Words: ACID-BASE EQUILIBRIUM; ANESTHETICS, Intravenous: ketamine; ANESTHETICS, Volatile: enflurane,
halothane, isotlurane; HEMORRHAGE . anesthetics, effects of, METABOLISM: lactate.

EMORRHAGE stimulates the sympathoadrenal ing normovolemia. It is not obvious whether addi-

svstem  Anesthetic agents also may inhibit,
stimulate. or have little influence on this system dur-
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tional stimulation, no effect, or inhibition of the sym-
pathetic system would be most beneficial in anesthe-
tized hypovolemic patients. Hemorrhage has been the
subject of many investigations, most using one of the
standard “shock” models, in which an experimental
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ANESTHE STy

Lmal s bied toand mantaned at a predeternuned
arterial blood pressure Few investigations have used
araded
variabie

measured hemorrhage as the independent

Aithough a tew limited studies of hemorrhage have
used awake human volunteers (1), and some studies
have used mwake. restramed animals (2), most inves-
tivations have used anesthetized ammals. Theee stud-
1ew usually used injectabie anesthetic agents, resulting
i vanving anesthetic depth during the course of the
expenmment  When an inhalational anesthetic agent
was used, induction of anesthesia was usually accom-
pushed with an injectable anecthetic, or constant end-
tidai concentrations were not mauntaned, resulting in
uncertatn depth of anesthesia When the intluence ot
anesthetic agents on bemorrhage has been nvest;
gated. tatlure to remove the spleens of the experimen-
tal dougs (3-7) could have ailowed uncontrolied and
unguantifred “autatranstusion” of as much ag 3570 ot
the shed blood (%)

Only Theve et ai (7) compared 10 a single study the
influence of three anesthetie anesthetics (cvelopro-
pane, halothane, and otiurane) on cardiovascuiar
function during, and the metabolic consequences ot,
cquivalent graded hemorrhage in dogs. Because they
used survival times as their end point, comparing the
effects of different anesthetics in the same animal was
not possibie. They did not remove the spleens, nor
did they compare results durning hemorrhage with
those of awake, unmedicated dogs.

In the present report we have assessed, in hypo-
volemic dogs in which spleens had been removed, the
benefits and disadvantages associated with the admin-
istration of anesthetics with diftfering effects on the
sympathetic system. Ketamine, an anesthetic with
stimulant-like properties that is trequently recom-
mended for clinical use during hvpovolemia, was
compared with halothane, which likely inhibits re-
lease and activity of catecholamines (9. 10), and with
entlurane and isoflurane.

Methods and Materials

We removed the spleens from five healthy mongrel
dogs (25 to 32 kg each), previously trained to lie
quietly in the laboratory, and provided them with
chronic tracheostomies and exteriorized carotid arter-
ies. A minimum of 2 weeks intervened between sur-
gery and the studies. All animals were in good health
for each study All dogs were studied (in random
order, separated by a mimimum of 2 weeks between
successive studies) awake or with 1.15 MAC of the
inhalation anesthetics. or with a continuous infusion

ANESTHESIA AND ANALGESIA
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ot ketamune. All anmmais breathed spentanecusiv at
all times

For the studies with inhalation anesthetics. the dos
were connedted to a cirdde breathung araat through
a cutfed tracheostomy tube and a non-rebreathing
Rudoiph valve. Ammals received no premedication
Anesthesia for the studies of halothane, enflurane. or
sotlurane was induced with the agent to be studied
and was maintamed at a constant end-tidai concen-
tration ot 1,007 halothane. 2.50% enfiuranc. or 1 097
sotiurane. The anesthetics were alwavs dehivered in
a minture of oxvgen and nitrogen that was adiusted
to mamtamn Pag ciose to 100 torr.

For the studies with ketamine. anesthes wa

duced intravenousiy with 5.0 my, kg ot ketamine and
wdas nhlll“dln(’d b\' a continuous mtusion ot k(’f.ln‘}n?‘
in the smallest amount necessary to prevent gross
movement (mean £ SE, 025 = 0.03 mg kg mini
Atter the induction of anesthesia. carond and pui-
monary weerted  percuta-
neousiyv, and the dog was placed in the lett laterai
decubitus position.

For the awake ~tudies, amimals were first anesthe-
tized with thwopental, 7.0 mg/kg; anesthesia was
maintained with 70% N.O in O. to allow for place-
ment of carotid and pulmonary arterial catheters. No
additional thiopental was admunistered, and N,O was
discontinued. Animals were studied at least 2 hours
atter awakening, at which time resting Paco, did not
differ from Pacy, measured on another occasion be-
fore admunistration of anesthetics or other drugs

Ventilation was measured by using the rebreathing
bag :n the circle breathing svstem as a bag-in-a-box
connected to a wedge spirometer (model 5370, Med-
Science Electronics, Inc). We continuousiv measured
Po, Pea, and the partial pressure of halothane. en-
flurane. or isotlurane at the tracheostomy tube onfice
by mass spectroscopy (Perkin-Elmer. model MGA
1100A) (11) (Townsley MI. Brinks HA, Weiskopt RB.
Measurement of enflurane and isoflurane by mass
spectrometry. Abstracts of Scientific Papers, Annual
Meeting of the American Society of Anesthesiologists.
October 21-25. 1978, Chicago, lllinois, pp 289-90).
Carotid and pulmonary arterial pressures were meas-
ured by transducers (Statham 23 Db). Mean systemic
and pulmonary arterial pressures were derived by a
Brush recorder preamplifier. Cardiac output was es-
timated usirg a thermodilution techmque, a thermis-
toc-tipped pulmonary arterial catheter (Edwards Lab-
oratories), and an analog computer (Gould. model
SP1425). Cardiac output measurements were repeated
until two successive measurements displaying satis-

arterial  catheters were
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factory washout cunves differed by oo more than Q2
L/min. This usuallv occurred wathin two or three
measurements  These physioiogic parameters and the
partial pressures ot the measured pases and vapaore
were recorded graphically (Gouid Brush modey 200
erzht-channel polvgraph) and magnencally (Hewdlete-
Packard, model 3303A PN tape recorder). Svstemic
vascuiar resistance was aalculated as mean svstemue
biood pressure divided by cardiac output. Puimaonary
vascular resistance was calvulated as the difference
between mean pulmonary artery pressure (PAD) and
pulmonany artery wedge pres ure divided by cardiac
output Lert ventnicular stroke work (LVOW) was
caiculated as the product of mean svstolic blood
pressure and stroke volume. Left ventrnicular nunute
work (LVMW) was calculated as the product of
LVSW and heart rate,

Circutatory and ventifatory varables were meas-
ured during normovolemia and atter 107, 207, and
20% reductions in the amimal’s estimated blood vol-
ume (12). Each dog’s temperature. measured in the
puimonary artenal blood, was maintamed within 1 C
of its mitial value by the use of arculating water
heating pads

Successive 10% reductions in blood volume were
accomplished by drawing blood through the carotid
artertai cannula over a period of approximately 10
munutes. The bload was collected into sterile, 600-ml
transfer packs containing heparin, so that the final
concentration was 3 units of heparin per milliliter of
blood. At least 10 minutes of stability was allowed
after each reduction in blood volume before begin-
ning measurements at that level of oligemia. Follow-
ing studies at 30% blood loss, the collected blood was
transfused through a microfilter (Pall SQ40SK Ultipor
biood transfusion filter); 20 minutes later all measure-
ments were repeated and compared with values ob-
tained before hemorrhage.

During each of the experimental conditions, Pao,
and Paro. were measured by Radiometer electrodes
in steel and glass cuvets; pH was measured by a
Severinghaus-UC electrode (13). All electrodes were
maintained at 37 C. Calibrating gases and buffers
were measured before and after each blood sample
reading, the measurement was corrected for electrode
drift, liquid-gas factor (14, 15), and the dog’s temper-
ature (1o). Oxygen concentrations of systemic arterial
(Cao)) and pulmonary arterial (C¥o,) blood were
measured 1n duplicate by a galvanic cell instrument
(Lex-O:-Con-TL, Lexington Instruments) (17). Base
excess was estimated using a modification of the
equations of Severinghaus (18)

£T Al

During each condibion, artenal blood samples were
obtaned tor enzymatic measurement of whole blood
lactate concentrations (19)

Resuits 1n the normovolemic anesthetized state
were compared with resuits in the awake condition
by analysis of vanance with repeated measures and
by Student’s t-test for paired data. For cach anesthetic
the intluence of hemorrhage on the measured and
calculated variahles was assessed by analysis of van-
ance with repeated measures. Compa-ison among
anesthetic agents at normovolemia and at each leve:
of hemorrhage was accomphished by analvsis of var-
iance with repeated measures and by Newman-Keui«
method of multiple compansons. Data obtained n
normovolemic, anesthetized state after the return of
shed blood were compared with data obtained before
hemorrhage using the parred Student’s ¢-test (200 In
all cases, p < 0.05 was wonsidered statistically signir-
1cant.

As a control, all amimals were anesthetized with
ketamine for a second time; the same induction and
maintenance doses were used. Although no hemor-
rhage was instituted. all other procedures and meas-
urements were the same as in the first ketamine
experiment, including the times at which mea-ure-
ments were performed. Statistical analysis of these
data did not indicate significant change 1n any meas-
ured variable with time during ketamine anesthesia

Results

Awake vs Anesthetized States (during
Normovolemia)

Mean (£5E) values for the five narmovolemic dogs
are presented in Table 1.

All inhalation anesthetics decreased mean arterial
blood pressure (BPa). The increase in Bla observed
during ketamine anesthesia was not statistically sig-
nificant. During normovolemia, BPa was higher with
ketamine than with halothane, which was higher than
with isoflurane, which was higher than with enflur-
ane.

Cardiac output (Q) decreased with enflurane, in-
creased with ketamine, and did not change with hal-
othane or isoflurane. During normovolemia, Q was
higher with ketamine than with all inhalation anes-
thetics, and significantly [ower with enfiurane than
with all other agents.

Only ketamine altered fincreased) heart rate. Lett
ventnicular stroke volume decreased only with enflur-
ane. and during normovolemia it was higher with
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TABLE 1
Comparrson ot Cardiorespiratory Responses of Five Dogs. Awake and Anesthetized. during Zero Blood Loss*®

AN ErlGtane Halothanie 150 oraree LA TAS T
Er bl Doncentraton (o) ac 238 5003 039 = 001 185 NA
B8P (o W 2 2 =23 83570 1240 = 66
HR (teats i) 1184 + 10 TM7HE -2 ME g «58 125053 1676 2 T A
QL mim 529 =035 345 2014 480 > 018 500 =322 597 =2y
SV (m) 458 £ 35 294 = 418+26 401 =07 375=>418
LVSW (3 «m) 531 =047 225 =021 441 £ 037 341 =03y 492 D66
LYMW (g « m min) 611 = 37 263 = 19° 506 * 30 421 = 27 783 = 44
SVR (tore L orun) 212 =18 210 = 208 =05 168=18 208 + 1 4
PT&(VOH) 11220 14 3 = 14718 140186
PVR (torr L min) 109 =014 162 =022 182 £ 018 158 = 185« Q2
Cta-vi. (1 Q  uh 42 :029 38 x 035 22=017 28 = 42 =05
V. (MmO, min kg) 7732048 446 = 052 335 =032/ 492 = 855 =117
T (m O mn kq) 327 =24 201 = 297 +08 368 =12
T,V 426 :028 485 =043 776 =052 458 =053
Pa... (torr) 978 =38 1088 = 37 959 =10 1073 =52 236 =34
Pa_ (torny 31315 493 =28 420 23" 562 =23 324 =773
pHa 7439 =00 7298 =0018 7336 = 0010 7230 = 2922 7416 0013
BE (meq L) -33 =06 -24 .07 —-34x 11 -39:-09 ~39=x07
Het () 381t =06 393 =06" 387=x05 383=275 388 £ 13
Lactate (m&&"L) *39 =014 035 =009 183 =028 086 =011 175 =041
PAPw (torr) 55217 87 = 71 =22 76=25 53=10
RPP (» 10) 168+ 11 tv0=03' 145=08 139 =12 283 = 28"
V.o (L e 38 =05 58209 57 =13 145 = 11
t. {breaths min} 30 = 192245 219 =124 387 £ 44
Ve (L} 047 = 004 032 =003 037 =025 038 006

* Values are means = SE of five dogs Abbreviahcons used are BP a. mean artenal blood pressure HR. ~szrirate. Q. cardia-
~utpul. SV stroke volume, LYSW iett ventricular siroke work. LYMW , Jett ventricular minute work, SVR systeric v ascular resistance

PAP, mean pulmonary artenial pressure, PVR, pulmonary vascular resistance. C(a-v)

ditecence V.. total body oxvgen consumption, T.. |

. artenal-vengus xygen concentration

oxygen transport. Pa .. partial pressure ot cxygen in irtenal blood. Pa

partial pressure of catbon thioxrie n artenal blood, pHa. artena) blood pH, BE. base excess of artenal tlood H:t hematocrit, PAP4
pulmoﬁarv arterial wedge oressure. RPP. rate-pressure product. V, . expired minute venniation, t, respuatory weguency, Vi, higal
volume. NA. not .ipphcable Companson of responses produced by each anesthetlic separately with awake state "p < 005, ‘p «
001. p<D0CS. and » < Q SJ1 Far other statistical nformation, see Tables 5 and &

wotlurane and halothane than with ketamine and
entlurane

LVSWork decreased with isoflurane, and to a
greater extent with enflurane. Ketamine and halo-
thane did not alter LVSW: consequently, LVSW was
lower with entlurane than with the three other anes-
thetic agents. Similarly, LVMW declined with enflur-
ane and sorfurane, but increased with ketamine as a
tesult of increased heart rate. Conseguenty Junng
normovolemia, LVMW swas greater with ketamuine
than with the three other anesthetics. whereas LVMW
was lower with enflurane than with the three other
anesthetics.

None ot the four agents altered penipheral or pul-
monary vascular resistances or mean pulmonary ar-
terial or puimonary wedge pressures

Total body oxvgen consumption (Vo) decreased
with all three inhalation anesthetics and did not
change with Ketamime. Conseguently, dunng nor-
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movolemia, Vi, was higher with ketarmne than with
all three inhatation anesthetics. The ratio of oxygen
transported to oxvgen consumed (To o \;'n_,) increased
with halothane and isoflurane, bur did not change
with either Ketamune or enflurane. During normova-
lemia, Tu,/\;'q: was higher with halothane than with
all other agents, and was higher with isoflurane than
with either enflurane or ketamine.

None ot the anesthetics altered base excess. Blood
lactate concentrations decreased significantly with en-
flurane and isoflurane and did not change with halo-
thane and ketamuie [here were no differences among
blood lactate concentrations for these anesthetic
agents dunng normovolemia

Physiologic Sequelae of Hemorrhage

Cardiopulmonary responses to the rour anesthetic
agents aunng 10%. 20%, and 30" blood loss are
shown in Tables 2, 3, and 4. respectively; statistical



WEISKOPE 1T AL

TABLE 2
Cardwrespiratory Responses of Five Anesthetized Dogs during 10% Blood Loss®

Entlurane Hafothane Io.2thutane Keramira
Era-tical concentration ( n) 249 £ 0.04 100+ 001 172 xQ02 NA
BPa (torr) 696 26 918 =33 778+ 44 25
HR (beats min) 1174 +29 1046 = 53 1202 =27 Ts
Gl min; 292 =010 374 +008 415 =012 33
SV (mb 238 04 360+ 17 346 =13 3
LVSW (g x m) 1.74 2 007 351 +0238 236 023 386 =035
LVMW (g X m, mm) 215 £ 15 362 £ 15 343 + 26 672 = 22
SVR (torr 'L, min} 23807 246 x %1 187 209 47 =20
PAP (torr) 12313 117 +21v9 113+£10 116 =193
PVR (torr 'L min) 194 =033 147 + 028 175 %026 182 >007
Ca-v). (ml Q. a 442048 34 +014 37 =037 60 =072
Vo (mi Q. mun kg) 433 =081 470+ 012 540 = 033 1053 =1 24
T.(mO. min kg) 164 16 2312086 230 =11 312=13
TV 392 +043 4383 =017 442 <050 308 =223
Py (torn) 1108 * 35 869 » 34 108 4 £26 1231 =87
Pa  (torn) 452 =18 424 £ 2 545 =32 300 =" 2
cHa 7328 20010 73¢9 0012 7230 = 0027 7401 = D320
BE (mea L) -75=*06 -39 =10 -49 =08 -55 =1
Het o) 83206 371 +09 364 10 378 =
Lictate (MM L) 034 =010 187 + 024 | 088 x 014 257 = 123
PAPw (torr) 6E6+16 63=218 52=21 5t =2
RPP (x 109 104 203 121205 12408 305 =43
Vi (L min) 51+04 5108 47 +£09 150 = - 2
f (breaths . min) 120209 157 39 145 £55 482 = 02
V() 043003 030 = 002 0332005 034 =724

* Values are means = SE Abbreviations are defined n tootnote to Table 1 For statisticai information, see Tables 5 anz &

TABLE 3
Cardiorespiratory Responses of Five Anesthetized Dogs during 20% Blood Loss*

Ertiurane Halothane Isotiurane Ketamina
End-tidal concentration () 252 £ 002 102 £ 001 1.69 = 002 NA
BPa (torr) 618 =34 888 + 2.8 690+33 1124 79
HR (beats - min) 1196 + 42 113889 1208 +43 1902 =270
Q (L min) 238 £014 310014 3.52 £ 0.13 358 =027
SV (mi} 199 11 27819 292 x 12 202 =30
LVSW (g x m) 131 2014 262 £ 025 213013 261 =051
LVMW (g X m/min) 157 £ 18 280 = 11 256 * 12 468 * 30
SVR (torr/L/min) 262 14 290+ 19 19814 326 =23
PAP (torr) 10612 100+ 14 92115 92 =21
PVR (torr/L/min) 18703 236 £ 022 1.68 + 0.18 199 = 082
Cla-¥)p. (ml O;/dl) 59 £ 0.50 40 +034 4202 64 x 048
Vi, (Ml O, /min/kg) 474 x 041 449 1+ 022 522 + 044 805 =1 31
T.5, (ml O,/min/kg) 132215 184109 190210 202 =24
Topr Vo, 2.82 x 0.31 415 + 0.33 370+ 025 269 =024
Pa, (torr} 1042 32 99 +63 1030+ 29 1188 =72
Pacn, (torr) 434 2 15 429 +23 56.7 £ 3.4 322 +13
pHa 7.340 £ 001 7321+ 0013 7.221 £ 0.032 7361 = 0011
BE (meq; L) -26+05 -45+09 -47 208 ~74+038
Hct (™) 36712 364 10 363+09 360=+10
Lactate (mM/L) 043 £ 013 168 + 024 096 + 012 276 = 066
PAPw (torr) 581186 29 +12 36+18 61 21
RPP (x 10" 96 + 06 126 £ 04 114 1 06 294 257
Ve (L. min) 61+ 12 68+ 12 51 +10 12123
{ (breaths/min) 167 £ 5.1 192 +52 163 £ 63 368259
Vi (L) 039 +004 033 + 002 037 £ 005 033 +019

* Vaiues are means + SE Abbreviations are detined in fooinote 1o Table 1 For statistical information, see Tables § ang 6
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TABLE 4
Cardiorespiratory Responses of Five Anesthetized Dogs during 30% Blood Loss*®

Entlurane Hatithgtie {s04ut ane [ RSN
Fra-tiqat carcenration () = QU2 Nos 2 D0 167 =202 teA
BPa (ter) <43 810 355 380 240 947 =272
HR (Beals mind + 95 =07 a2 -44 ez v 3
3L i) 1ed 2 214 b 5019 283 +019 243 =015
SV (m) T4 202 207 219 242 =12 154 =
LVBW (G = m) 179 021 148 = 010 1
LVAMW (g > m i) 5 208 1 v 185 = 14
SVR (torr L mur 28T 24 340 =+ 32 * 24
FaP (tarn) 30 :03 7614 =18
PYR (torr L mi) 223 £ 035 206 = 026 * 0.40
Clia-.) (m1 O iy Rt 2079 55 +£ 053 + 058
Vooamt (i kg 4 48 2 031 482 023 =013 g
T omid mur k) 303 s 13 35 =037 * 11 1
TV 230225 230 =0 s * 028 21
Py (toen) 1234 230 1000 = 7 1 * 52 1182z 106
Pe (torn 43 2 2¢ 424 2 0 =35 333=z28
rHa 7345 1 2024 73152 00N * 0.029 7358 0018
BE (meq L) -34 205 -47 =208 =08 -£2 =05
Hoto) 363 =203 360 =7 =09 33C2=05%
Leotate (mM L J43 2203 173 =035 =017 3:3=046
PaPw (tarr) 4012 26 12 =18 3g=15
RPP(«10) T7=09 113+06 = 0.6 2:2=35
VoL min) 732223 7¢=>14 +16 108=23
f (treaths min) 243 =136 192+ 54 * 85 334 =62
Vo) 037 2005 039 =010 + 0.05 0.35 =004

T Vatues are means = SE - Abbreviations are defined in tootnote to Table 1. For statistical information, see Tables < and 6

anaivses of the ettects ot hemorrhage on each variable
are givenan Tabie 3

Progres<ive hemorrhage decreased lett-sided filling
pressute (puimonan artenal wedye pressure) with
the anhalation anesthetics but not with Ketamuine:
stroke volume decreased with all agents Heart rate
did not change with hemorrhage with any anesthetic
agents consequentiv, Q decreased progressively with
rraded hemorrbace winn all agents Svetemie vascular
resistanve (SVR) increased  progressively  during
graded hemorchage with all agents but insuthicaently
to prevent a progressive decrease in BPa, which oc-
curred with ail agents Simalarly, pulmonary vascular
resistance increased during blood loss with halothane
and entlurane, but did not change with ketamine and
isotlurane. Mean pulmonary artenal pressure de-
creased progressively with hemorrhage with each an-
esthetic agent

As BPa decreased without alteration 1n heart rate,
both stroke work and minute work progressively
decreased during graded hemorrhage with all anes-
thetics. However, rate pressure product decreased
with the nhalation anesthetics with blood loss. but
decreased with ketamine only at the 307 level.

As Q progressively decreased with graded hemor-
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rhage, tissue oxygen extraction [arterial-mined venous
oxyvgen concentration difference, C(a-v1Q.] increased
with all agents. This compensation was adeguate with
the mhalation anesthetics. but not with ketamine
oxygen consumption did not change with biood ioss
with the inhalation anesthetics. but decreased with
ketamine. Oxygen transport decreased with hemor-
thage with all agents, as did To Vo,

Base dehiat increased with blood loss with all
agents except entlurane. He, wrrhage did not change
blood lactate concentrations with the inhaiation an-
esthetics; blood lactate concentrations increased with
hemorrhage with ketamine.

No ventilatory measurement (expired minute ven-
tilation, ventilatory frequency, or tidal volur o
changed with hemorrhage with any anesthetic Hem
atoent did not change durning hemorrhage with halo-
thane or ketamine, but decreased <hghtiv with en-
flurane and isotlurane

Comparison among Anesthetic Agents of
Physiologic “equelae of Hemorrhage

Statistical analysis of companson amaong ane<thetic
agents at each level of hemorrhage 15 presented in
Table o.




WSRO

TABLE 5
Statistical Analysis of Physiologic Seguelae ot Hemorrhage
in Five Anesthetized Dogs*®

[ AHBONTRS Halothane 10 ane Ketgrape
BP.# 0001 002 0 o [EXelen]
HR NS NS NS N=
o] ooMm Qe o0 O Qo
SV NS 0001 0 GO 0 001
LY Sw GO 0 001t 00 Q001
VMW 0 0O 0 Cor Q cot comMm
R o0 o co 005 oo
A 0 001 [SRRIsA} 0001 0Cot
PVH 0 001 Qus NS NS
Gl Qoo [ARVINA] NS NS
] NS NS NS 05
T 000y 0 QG a0 0 vt
TV [CENIRR} 0201 [CXeI R} 00
2K} NS > NS
P NS NS
o NS NS
BE NS ao
Pt oM NS
Lastate us NS 001
PAPy Q00 SRl NS
HPP 0ot Q7 NS
v, NS NS NS
1 NS NS NS
NS NS NS

© Vaiyes ircicite whether nr not bemorrhage had 3 statist-
Lad, wsigmticant etfect anindicated Lanatle o 1s less than the
rmen al value shown NS = o » 005 Abbrewiations are
tetinerin totnate b Table 1

At cachievel ot ohicermia lert-sided illayg pressure
was igher wath ketamine than with halothane swhich
o turnowas Brgher than with sotluranc which in turn

-

was hlcher than awith entjurane Stroke volume was

ey stower weth entlurane and Ketamine (no signit
woaet dotterence between the tiwor than with isotlurane
i Soethane mecagmiticant ditterence between the
s Heart rote was abwave hipher with ketamune
than aath ad abhalation anesthetios which did not
itrer amoemy themeeives Thererore, cardiac outpat at
nernoace e and dunne 107 blood losswas highest
with retamine and loavest awath entiurane. there was
ne ditterence benaeen eotlurane and halothane
However as biood foss mcreased O decreased to a
wreater extentwith ketanune 10 1201 min/percentage
Ot d Toss Dnear regression £ = 0000y than with
the cnburation anesthetico baicthane 0 Q77 soflurane
COT entlurane O0A% | onun percentage ot blood
Cae e = Q0% T o that there was o ditference
N

NOLY atter Biood o amony ketanmuine (338 %
STl e ohignane (A2 2 O Lomin) o and
o cegne (VIO 2 O N e or atter W07 bloaod

ceec oz ketarnriee 1038 5 O PA Lo aeotiurane

FT Al

(283 = 019 Lomin) and halothane (245 = 010 1
min) Cardue output with entlurane was less at all
levels ot obivemia than with anv other agent. Com-
pensation tor the decrease 111 Q by anincrease in SVR
occurred during hemorrhage with all agents. but to
varving, degrecs. Althoush there were no difterences
m SVR among agents betore hemorrhage, atrer 20"
blood loss SVR was greatest with ketamine: SVR was
greater with halothane than with enflurane. which
was greater than with asotlurane. With all agents,
wompensation was ncomplete. and  consequently
BEa decreased progressiveiv with graded oligenia. At
ail fevels ot blood foss, BPa was alwavs greater with
ketamine than with halothane which was greater than
with cotburane which was greater than with entiur-
ane

During normovolemria and at ail stages of z-aded
blood toss, no ditferences in mean pulmonany artenal
pressure or PVR occurred amonyg the anesthetic
agents. At cach stage ot graded hypovolemia. stroke
work and munute work were least with erfiurane.
Rate-pressure product was greater with ketamine at
every level of blood loss than with all inhalation
anesthetics.

Tissue oxvgen extraction at all levels of hvpovole-
mia was least with halothane but did not differ among
the other agents. Tatal body oxygen consumption at
normovolemia and at 10% and 20% blood loss was
higher with ketamine than with the inhalation anes-
thetice: at 30 hemorrhage, Vo, decreased signifi-
cantly witn ketamine. There was no difference in
Vo.among the agents after 30% blood loss.

These ditterences 1in Vi, were reflected in arterial
btood lactate concentrations and calvulated base ex-
cesses, In response to hemorrhage, artenal blood lac-
tate concentration increased only when animals were
anesthetized with ketarmine; atter 30% hemorrhage,
blood lactate concentration was higher during keta-
mine anesthesia than during anesthewa with all other
agents. Similarly, base deficit increased with hemor-
rhage dunng ketamine anesthesia to a greater extent
than with the inhalation anesthetics, so that after 10%
blood toss, base deficit was higher with ketamine than
with halothane and enflurane. After 20% and 30%
lose bave deficit was greater with ketamine than with
any of the inhalation anesthetics.

Because of their incomplete nature, data from two
additional amimals have been omitted; these animals
died as a4 resalt of ketamine studies. Dunng a keta-
mtne experiment one ammal died from progressive,
uncontrollable hvperthermia and cardiovascular col-
lapse The other dog died 26 hours after faihing to
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TABLE &
Statistical Companson of Ketamine (K}, Hatothane {H), isofturane {}), and Enflurane {E) at Normovolemia and at Each Levet ot
Hemorrhage in Five Dogs*

Bloca Loss (%)

Normovotemia

10 20 3¢
BPa K>H> 1t -E —_— = - R — - -
hR K> l=E=H —
Q K>1 =H>E —_— e | =K=H>E
Sv [ S B Y = T
LvSwW K=H>I>f ———— -— H=K=) >f——————
LVMW KsH=Il|>» ——n¥——rirn — i ——————— K=H=1>E
SVR E=K=H=1 K=H=E>|l———" K>H>E > |
PAP NS ——— —
PVR NS e e e e
Cla-v) E=K=1>H — - ——
v Kol=E=H —_— K=tsH=rx
T K>H=I>f —mm8m—— K=1=H>E- —
TV Hel >E=K H 1 E K H | E K H=|=EsK
Pa K Eol Ho—eoemeee e e e e
Pa I >E=H>K _———— ———— —_—
pHa K>H>E x| K>H=E> | K E H>I E=K=Hz> I
BE E=H=K= E>H | K E>H=I>K—— ——
Het NS —m——— - ——— et e
Lactate NS S m e e — e —
PAP y K=H>1I1>E K>H>I>»>E—m——— — ————————
RPP KoH=l=€ ~— e - —_ —————
Vi . . e —
f —
V. e

« Abbreviations are defined in tootaote to Tabie 1) NS, ne signsiicant dfterence among agents Agents fisted in descending oraer

of magmitude. > indicates all agents to left ot symbol are statistically (p < 0.05) greater than all agents to nght. a b c > d indicates
a. b. and ¢ are all greater than d. a 1s greater than ¢, but not greater than b, nor 1s b greater than ¢. Similarly, a b ¢ d indicates that

the onty statishcally significant difference s that a)1s greater than ¢ and d. a b = ¢ d indicates that a is statistically greater than ¢ and
d, and D15 statistically greater than o

recover trom a ketamine experiment in which, after
30% hemorrhage, Q and Bl'a were lower and base
detiait was higher than duning the comparable period
of the halothane experiment in the same dog. No
deaths or comphcations occurred during or atter ex-
penments with any inhalation anesthetic,

Discussion

In general, the influence of anesthetic agents in our
dogs was ~imtiiar to that observed by others in dogs
(10. 21-29) and 1n man (30-39) (Kopriva CI. Hemo-
dvnamic eftects of intravenous ketarmine in patients
with coronary arterv disease Abstracts of Saentific
Papers Annual Meeting of the Amenican Society of
Anesthestologists, October 1974, pp 233-4) No other
study has directly compared these tour anesthetic
agents o the same animals, although Miller et al (30}
recentlv compared halothane, entlurane, and keta-
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mine in normovolemic rats. Differences between the
two studies may be a result of differences in species
and/or experimental protocol.

In comparing these four anesthetics dunng nor-
movolemia, only ketamine produced cardiovascular
stimulation. Entlurane in equi-MAC concentration
produced greater cardiovascular depression than
either isoflurane or halothane. All inhalation anes-
thetics decreased total body oxygen consumption. but
only halothane and isoflurane reduced oxygen de-
mand more than oxvgen supply.

Comparison among Anesthetic Agents of
Physiologi.: Sequelae of Hemorrhage

The cardiovascular stimulation seen with ketamine
dunng normovolenua persisted during hemorrhage
At all levels of blood toss, left heart hilhng pressure.
heart rate. and mean artenal blood pressure .vere




- - = - - o~ -
ahnave arearest [ AR NS S SO SR TR T E AN IV VS L S A ]
to Ged Blood foa SV iecregeed oo e s
[RE osvev e despite T st e
[AIVEAENI KN tea~ed more with Dioed Lo s dunn s A et e
anesthesta than durny anesthes,g wen TR
inhation anesthetios Attee 307 biocd ooty
tietno dirrerence ) ccurred G st

sotiurane, and Baiothane As g resat mnute stk
rate-pressure product and ovveen consuepnion dur
ty hemorrhage were annavs hughest waith ketaming
Atter 207 blood foss VD dereased wath keramone
but did not change wath the inhaation anewsetios
~tepestinge that caveen dennand soae ot e ths
Tevel of brood soss Junng ketamee anesthesia This
hvpothesis os sepported by the more propennccd
changes o base excess in response to bemorrhaye
with ketamune and by rthe meorcase in bloed adctare
concentrations seen onin with ketarmoe Junng blood
loss Tts e docurmented that hemorrhage mcreases
svimpathetic activity 1l Shortterm benents of such
stimuiation are obvicus increased Cardiac vutput and
mean artenal biood presanre Itas tar trom clear that
the cardiovascular gan o sworth the metaboie price
OWr resuits are 1 S0me Wavs angiogous to those of
Pheve et al (7)o who compared sunvinval times during
removal of Q to "0 mi kg of blood from ventilated
Jogs wath intact spieens whowere anesthetized with
v lopropane. haictiane, o otiurane, Betore blood
fose, oveiopropane resuited in higher vardie output
and mean artenal biood pressare than either haio-
thare or sotiurane The authors (7 attributed therr
vestits to higher arteral concentrations of epineph-
rine during ovaopropane anesthesia Therr observa-
tions. i part, also mav have been a retiection ot the
diredt vasocanstrictine action of ovdopropane (42)
and o ate fesser net myvocardial ettects (4300 With
hemaorrhage, QO and BPa decreased more with cvdo-
propane than swith either inhalation anesthetic, and
artennal epinephnne ncreased more with eydopro-
pare than with ether inhalation anesthetic Total
body oxvgen consumption decreased the most and
arterad actate concentration increased the most swath
ovelopropane Sunvival tme was shorter with cvclo-
propane than with either isoflurane or halothane. Qur
results with ketamine are similar to those obtaned
with cvadopropane (7) By anesthetizing our dogs with
vach anesthetic agent and tollowing an identical hem-
orrbage protocas each ime, we found that Ketamine.
Lhe vvciopropane. does not appear to be as usetul for
maintenance ot anesthe«ia dunng hemorrhage as
rents that are not svmpathetic stimudants
Longrecker and Stunnio v usiny rats that were

v e bty e i e e hour found g Bigher
L tate Co e et wath ketanine than
e e et ce b st eerrorarbitag o ngLathane

[omevor ar s e specuated that ketamune
P tNe reTed s Uosunhan fate e these animuas
1 hataror et oy gen demand a2 denn -
ey o anntained However they did not measure
Bronnt ars tereors cqrann cutput reonad bload
tioss L vaen cotstnpten or boad dactate concen-
tration Our does requered o higher B to mantain

o 100 rorr when anesttenizod wath

Cnhaation

anestheti s than when anesthetzed with ketamine

Becanao Lonenecker and Sturgenil s rats breathed room

ar et e possdne that therr annmals which were anes-

thetized swaith haothane were hvposic Although we
,

did not measure tewor s Bloed How or metaboliem

our totan body data de ot sapport the concet thae
Keramue mamtams a4 Saanoe between onvgen Jde-

mand and Jeoaverny

Tbe Jack o change o S oherorrtage
that we noted Pas aieo seen obseeved previcusiy by
others (2-30 Reviewing ~ev eras hundred ot hes oxper-
iments on dops Wipgers (1310 noted that heart rate
response to hemortiagze was ~omewhat varabie He
found that, in general when heart rate was mtaily
below 100 beat per nunuate, it mcreased in response
to hemorrhage: that when it was imtrally 130 beats
per munute or greater it tended to decrease in re-
sponse to hemorrhage. Tnasmuch as the imital heart
rates of cur dogs were approamately 120 beats per
minute, 1t s not surprnsing that heart rate did not
change sith hemorrhage

In man. duration of anestheaa alters the cardiovas-
cular actions ot halothane (33) and entiurane (30, 31)
but not of wotlurane (37, 38y There 15 no evidence
that such recovery vccurs in dogs Bach of our studies
took several hours, the mean bime between induction
ot anesthesia and measurements made atter 30%
bioad loss being 282 munutes The measurements
teken in normovolemic anmmals during the early part
of the anesthetic procedure and those taken late in
the anesthetic procedure after return of the shed
blood did not ditter agnificartly Also, during several
houre of ketamine anecthesta without hemorrhage,
measured and calculated vanables did not change
These two facts indicate thas no functional mechanism
altered cardiovascular tunction with time dunnyg, an-
esthesia.

As our animals breathed spontaneously. Faca, var-
led amony anesthetic agents (Tables 5 and o) The
dogs were midly hvpocarbic with ketamine. hyvper-
carbic with sotiurane. g °d nearly normocarbic with
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halothane and enflurane Cardiovascular stimulation
caused by carbon dioxade s blunted by halothane (35,
2oy woetiurane (37), cvclopropane (46), and fluroxene
(471 Cardiovascular depression seen with entiurane
during cvnoolled ventilation (31 1s eliminated when
Caroo s alluwed (o increase with spontaneous vent-
lation (301 However, after several hours of enflurane
anesthesa with <pontaneous ventilation in volunteers,
Paco returned to near normal values, but cardiovas-
cular depression did not become evident, Thus, at the
time we pertormed our measurements, it appears that
the relationship of cardiovascular stimulation by CO.
dunng enriurane anesthesia is altered. It is possibie
that ditterences in Poointluenced our results, There
are no data regarding the interaction of hemorrhage.
antesthetic anesthetics. and carbon dioxide: however,
the relatively auid hvpocapmiy <een with ketamine
teqr ool 33 torr at 309 blood foss) s not fikelv to
have resulted in mator hemodyvnamic changes.

Clinical {mplications

Our data suggest that ketamine may be less desir-
able than halothane or coflurane for maintenance of
anesthesia duning maderate hypovoiemia. However,
it mav be inappropriate to translate these studies in
srimals directly to man. Ditferences and similanties
in the cardiovascular etfects of anesthetic agents be-
tween man and dog dunng normovolemia mav not
be the same durning hvpovolemia. Finally, our exper-
ments did not studv the effects of anesthetics used
for induction of anesthesia in the presence of preex-
ioting hvpovolemia. and consequently we can make
no comment 1n this regard. The considerations and
conseyuences ot pruducmg acute %\'mp‘!th(’!lc stimu-
lationt, as durinyg induction of anesthesia. may not be
similar to those during the more prolonged mamnte-
nance of anesthesia
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Oxyeen-Linked Hydrogen lon Binding of Canine Blood
Nothsovn K Riordan Rchard B WenKkoph Ny F Fownsdey and Karen RO hadwick
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! eLredSe 10 beroglorin oxyyen hermoglonin,® and methemcylobin atoentrg
LAt LT Jtanse o f trae Dlucd base- tions. The remaining 39 wl of each samle weo
anortoredse caliulatec divided intu 6 ground-ylass syringes phace

acidity

oo trerences an

- Leunes cglonin, w0 have
TR Tt INMIPe LdSe-enleSS
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, '
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i \ [ R N cal s1y-
' ' . et ! Lt ngd
. Loy Yo banges the
: sorar o aben
. . . 1o between 2 3-
4 ot T ar the Gialdane
e v ten tactor for
' g veeagraned by

P o y e
' ! * Seroens by anygen-
oot et ray he espressed
! - .. where 15 the
Cersalt ot heroylobin
ECE 1 fhe o Case-0x(0ss worrection
e e Jo1e the fractionil sat-
"y L I N lggdard-indersen and
ve bt e amate subiject with normig!
Dareea e oan Whovoncentration, the val-
ot the meccoss correction coefficrent
. v L2 o wber the b concentration s
el ennenl 1 1ol o 0.32 nbgsmmol when the Hb

mo |

arcentratloan 1y Ux[‘!‘t‘SSU«i n henie per
)

BT
otk ey ety
2ot

cariani lity

L3 estimated alHLU3T] s
carine blood, but because of the

a and the absence of
concentrattons, we hdve
DASEe-eXLess
factor, .

Inoteeir
arerient ot 2 2o,
for camne biomt,  the
arrection

desatyration

ME T

frfty milliliters of arterial blood
were drawn froe each af four healthy dogs into
lans centaining DTS00 {0 heparin, {ine

Syringes

ylhrliter ot pach A 5 was set aside
cor o Lgbgeguent deter tngtaen af Z.j'-w[x.ll
sl A i u o

in 1ce tor later preparation and anaiysls.

resultant & blood samples from cach dag were
tonometered at 34°0 with yeses or
600 tore and PCUp 25, 30, or el A0S

for tonowetry were prepar on-1ine with
Upooond Ny using a gas-mixing tluw eter,
Uy and PLOp of the misxed gas were qunitar-
ed continuously by mass Spectrosuopy . Persin-
Flmer MGA L10CAY  and  acjustec to rthoe adesired
partial pressures.

Hemoglobin, 2,3-0PG, and oayuen Zoncentrg-
tions and PUp, PUdy, and pH owere reasuroo
far each syringe blood sauple. B
tensions were medsured ot 38°0, e durlicete,
with Radiometer electrodes [E5086 and 150300 n
padgrometer steel-and-ylass cuvettes b
tlectrodes were calibrated Lsing jas wiclures
previously andi'«(zed in triplicate by the nethod
of  Scholander.i® Calibration ngases of oL
er g0 Egn Uy oand 3,331, 5.20% o
were sefected s¢ that valivbration was performed
with the standard PUp or PUO) closest U
the expected blocd gas value.  The appropriate

v

calibration gas was measured before and after
each blood measurement. The pi of each Mo
sample was measured at 3¢°L a0 duplicate wsing
a Severinghaus-UC p' electrodel®™ Calinrates
vilth Radiometer precision bLuffers TL3el and
0.4350 1n 3 ml glass ampules.  The bufter
was measured betore and after vach tluoe o

measurement.  Plood gases and pti were correctedt

for electrode dritt as necessary and Py was
also corrected tor the blood-jas factor.”
POz values of tully oxyyenated sarples weoro
read every lbH s for 5 min after placement o

blood into the cuvette. Truc PUp was estira-
ted by plotting PU2 against time and extyrapo-
lating the linear fall ot POy to the time of
tnsertion of the blood into the cuvette. The
Up concentration of each blood sample was med-
sured in duplicate using an electrolytic cell
“Lex-0p-1on-TL, Lexington Instruments}.l?

Log PCO» was plotted against pH, and [feast-
squares linear regression lines were drawn
through each set of 3 joints of equivalent hemo-

ylobin saturations. The base-excess was esti-
mated at the intersection of the computed Tine

and the base-excess curve for dogs as determined
by Scott Emuakper et al. The difterence
hetween the estinated base-excess (in rmol. d
of uxyqenated hload was used to calculate fd
correction factnor without units): = Al (bl
LI-\HZ]‘ wherp, 1 beeping with the terminalogy

CHEL] 6 THS N O30 00 Sl




of Yondard-Ancersen
A1y the eoconuentratior dn
wrect iy tor the presence ot

doenanh
PR ey

Tl atrer

crbeeglann,
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rection facter , Lo he a3 e

Ootasecmnol heme Jor 0,27 ¢ 0.007 mnel
Poin The range of i the four dogs
Mean differences (0 Wi,
regard to signi between
all sanples was .4 (=

Lablereless 0

U cem BT ieen.
caliulated! without
aralyses of

crroat Priy o= 2L - e U.27) torr al
P 5= S0 terr o and .6 LL36) torr at
B ot tarr. {he mean difference betveen

pioanalyses was U.HU1L (e 3.00L3) pH

Tre oomean ot SED stope of tne oo Lated 11-
an oof Gog PO, ve piowas -1l
range  of vZ o Lgas 1,000, which
srees closely with the velue of -1.%0 [+ 0,08,
foumd oy F

nge reiress

“ussi-lernardio and Kowghton, L4

TSN
ffect of Techmical Precision on Results:
Theoactaracy of the detervingtion of relies
ufi the technicel prectsion of pioand
o measurenents.  The etfect of possible
Soeepey i the measurenent of blood gases un the
cregted owdlue of was examined by aitering
s s cesilts by one-half the nean differ-
cecens tetueon duplicate analyses uf samples, so

v seate g wmaxinum possible change an
o * were calculated using the methods
et abiove, ‘hese celeulations resulten
car omgeimal decrease b of 0.026 {»
row riean maximal o ipcregse in ot

L9 However, the eyreement of
Tog Pl vs pH owith those pub-
sssi-fernardi and koughton,l4
Lropoints by linear regression
.96 ;000 and the small
© tu othe estimated amonyg the four
o : st that our error in medasuring
Howds considerably less. inoour
vo,ousing the same  procedure and the
‘ s curve  of >1u';dcard—t'-ndorsen,’-9
vt o of noemal human hlood 1< 0.33
. which corresponds closely with the
: 0,32 published by Siggaard-indersen
ot g2t
Sach Jdoy'ts hemoglobin dnd 2,3-0P0 concen-

teats were measured seven times.  The St for
Ty colobin determinations did not  exceat

R I for any doq. trror in the medsuro-
¢ f hemogiobin concentration should not
[ cdoed an error qreater than 17 in thye
[T soran ot 2.3-0PG concentrations of
‘ owere found o be within the norsgl
vane S0 T L el ver g Hb for dogst

Ty higher tor one dou may have been

et <orewhat  elevated 2,3-1PG. We
Vi vjate the effect of 2,3-0PG on
e . noroare we awdre of such dn inves-
tration kRaving beer performed by others,
Fffeot of Lhanges on PCU and pHoon @ fl-

Sreutho chanies an POUy and phoare known Lo
tlter O otne etfect s very small it no ectd or
e 1 adided and bilood base-excess remdains
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less tnar i
Lt gter vty ¢ IR peore
falle wrtrae th weot :
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et ai.tY Sl war e, et I PR

althoush unanle
found the Lourre
ne approximgte:
P 7.3-7 00
Andersen and glling
we for ot w.32 ot
haran blood, and we bave confie
in our laboratory lunpunlister dete o

timated value of for Canine Blece s appr -

rately 340 larger then thet roan
Use uf the human Llocd ve ¢ oL -
rect canine tloud bDase-ercess it v

relatively sewall error in the
exLess value. B

ot T e

desdbargticn, witt

normal canine Hh of 10 mmol 1, uee of e g

value for instead of the carmne vl
timdtes the true hLase-exceos 0y gl
ULt mmel T we Ao not bave o o leer eoplarats r
fur the difference between our corineg
Siggaerd-Andersen end Salling'« and o
human values. Both human and acg hero
have identical amino aci¢ cumpusitions ot ti
sites that are Fnowe o Limt o,” I
possible that aitno auid Jiffurences at oteee
Jocations result in alteratiens of secotdery o
tertiary structure of carine baroulottr,
by changing its oxyygen-iinked hyarog
ing, however, there is ne direct cvidente b
suppert this concept.  Alternatively,
er value for in dogs could te @
greater 2,3-0PG concentraticn. - Nt
blood 2.3-DPG concentration “lu.h o+ 1.4
per g Hb) is greater than that of huvar 1o
cilad o LA umel per g oHe. 2 3-LP antor-
feres with carbamate formation by termmingl ‘o
groups of the beta chains of the it molec.
thereby reducing the u, binding Lapdcity
hemoglobin, 3. 10015 siagaard-Andersen
5al1ingé! found that it huran bl Was ] i
ted totally of 2.3-DPUL, the hase-exCess Corryeo-
tion coefficient decreased. Their data uniy an-
cluded these two roincs nermal gad 07 and
thus do not allew for detatled assessient ot
the effect of variation in 2,3-UPL concentra-
tion on the value of . Although we 3¢ nmot oys-
tematically alter 2,3-0PG concentration,  ur
cdta appear to suptort the liritea observation
of Sigoadreé-fndersen and sallingfl that  varies
dieectly with 2,3-DPG concentration, this re
tronship may dcoount, 1n part, tor the hihe
in dags 1 Corperison with man.
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Symposiin on Frauma

Anesthesia for Major Trauma

Richard B. Weiskopf. M. .~
and 11 Barrie Fairley. M. B B.S +

This article wall cmphasize the anesthesiologist's role e the nanagement of
paticnts with mgor tranmna. particalarly those features that relate to airwas nian-
.|~;t'||1('l|( .Hnl ”lll(l restuscitatiem l')n])l«'lll\ ])t'LIIII.U ta sorme xlf ('H‘ 1THOre cotinion

negor spuries will also bhe onthned

INITIAL EVALUATION AND MANAGEMENT

Airway and Gas Exchange

On awrnval o the cinercenoy toom all senoushh tramnatized patients shonld
TECUINV T OAVLUT ST e Tdny |\|1\\|n|l~;‘u ~A‘«|ln'l,u' Uf tranma I('\lllf m .llh'll.l] ll\]\l'\—
e while the patient s heeathimg s The chest shoald Be anseultated bilateradly
and it there o question of aopossible chestinory . radiographs should be abtareed
mnediateh Hemothoraces ot poemnothoraces shonld he relieved by placenient
ot Laze hore chest tabhes Patients meowhom sastenic hlood pressare is nnobtaanable
yequire mnediae wtabation of the tiacheand ventilation swath 100 per cent osveen
as part of the ttad crnera oy roone resisertation sequence rapid intrasenons Hod
idmstiation and b necessary thoraeotomsy and aortic: cross-clanping I'1ved
dilated papils i and of themselves aee not an acenrate indication of ireeversible
contral nenvons sostens daage and o ot contramdicate aggressive nethageinent
atthos time 7 1 an esophageal obtirator has heen proevionsiv inserted it shonld
pot b removed il the omvs s protected wth an endotracheal tube hecanse of
the hkehhood of veaoratation of castue contents and the possibidity ab sabseguient
asparation Patients wherare markedv In potensive 1]«-~|nll' rapid intra cnons mfusion
Ao require carly imtabation to support cas exchange and protect the araay siee
u~n'll|Al] i\(’lll'llll.l Cotmmon]v Gaises s nlor ”.I(‘('I(lll\ l||11 Teguraitation ol casten
contents The decimon as o when to intubote o ||\pnlwxm\«~ aahe patient the
cinergeney roon s difficult to make these patients e nsadlc candsdates for -
mcednte surgerny becanse of continng gross hemorehage Hoanesthesia s necessan
tor mtubation of the trachea we nse a ketanune-suceirylcholine sequence desenihed

Tater 1 thas artiche
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Facial Fractures and Upper Airway Injuries. Virsvas assosstent is e sain
calv requireinent me thas cronp of patients Massive facial monmes may result
sl obstriction urnph.u\n:lul cdema, and hematomata ot such lll.l‘_’llllll(ll‘ th.t
nnncdiate tracheotomny or eneothy rondotonny s necessary an thee CHICTECNCeY roon
Il other cases. the rate ol progress of any swelling in the upper dirway most he
cvalnated The prineiple s to msure the mamtenance of a patent amwas and to asoid
Ttation of availeble teelmigques by sadden” arwan obstruction: Tn paticnts with
maon fractures of the mandible and masilla LeForte THE me whom iassive edena
Las vet tooocenr. oral itubation is preferred and s nsoadlv casiby accomplishied
Should it be I'l'\lllll'l'il In the most obtunded. the trachieamay be imtnhated without
anesthese IE this sitoation s misjudecd. vomiting may ocenr and strang suction
wust be mmediately availables Bhnd nasal intubation nia be hazardous becatise of
potential false passages into nasal sinases and the crnnal vaodt and the possibility ol
dislodaing Toose bone and tissae, i unesnal for analerts cooperative patient with
facral mjuries to require intobation in the coneragencey department. However it ths
i necessary the alternatives for divect Taevngoseopy and intubation are 1 topical
anesthesias spraving of an anesthietic, and advancing the lanvngoscape ina series of
stades o l L'('n(‘l‘\l .Illl'\llll'\m \\I([l ]H't‘u\\ denation ('|‘I(‘(l|l| ])l('\\l;:(' llnn]l('nl.ll (18
ketwnme and socemylcholne Fractures o the mandible alone |1\I|‘|l|§ do not catise
airway difficaltios when the Loy is normal

Lopuries of the Tovey iy cause rapid respiratory obsteaction and veqguive e
mediate tracheotomy T Tess urgent sitnations. and when assessing the possibility
of stch an Ty Bristory o tranma to the head and neck. stridor. hoarseness, and
crepitus i the neck are all sngaestises The most frequent canse of a lractured Ly s
is direct toree frome acdeceleration ey A fracture o the region of C6 or C7 s a
common association Three usetnl evaloative tests tor fanvogeal fracture wre 1 asking
the patient o mahe ahich-prtclicd &7 sound, wlnel requives mobile ericoan tenoid
oty normal tense cordsand tunctionme miteinsic linyngeal nearomusanlar mech-
ansts 2 et Lievnzoseap s and 3 radiography of the Loy especialhv s
computerized aaad tomographne OV scan 1 nncertainty exists. fiberoptic larvn-
coseopy s be pertormed ander topical anesthesiae I s tvpe of mijaey s sus-
Pt ted all lh)\\ll\[\' mtormation shoold be acenmulated prior to induction of general
anesthiesia simee lanvngeal obstrnction nay ocenr during attempted tracheal intu-

wodisplacement of trac-

Dation Phe Latter may canse mnensal stepping. bleeding.
tured cartilage into the wrway hunen

When o tractorved Lanvns s present. Tanvigolissure wand repan of mneosal lac-
crations and cartilage feactores are reguenthy carmed ot Classicalis - actracheotonn
nnder Tocal anesthiesia is [n-rhn'mul first Altermatin el there aee recent reports of
wiccessinl tracheal intnbation throueh the alottis =7 This shoold be attemple donhy
in the presence of the most henian preoperative findings and when Larvnecal viso-
dization s excellent Ha tracheotomy s necessary i an nncooperative child. it man
he ecomplished follonving wosmall dose of ketamne as o supplement to focal anes-
thesia

Ioall caves of possible atvwas; compromise. when i s uncertain whether the
proposed anesthetie nemour crs weill be successful - that isCif aorcary olistruction could
ooy the pocedares hondd Do carvied ot i an operature roov with cquipnent
and pevsonnel veady por imomediate tracheotomy

Head Injuries. A hich percentage of unconscions patients with recent head
s regqrire intubation for one or more of the tollow e three indications 1 to

v erconte arway obstriction. 2 to prevent aspivation of seeretions. and 3 to msare
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||\|u ventiheron v cador tovmminase ateacrannd RN ol ndodd o o
it panient swho b g oo Bead ooy thos velivedial o e aberns e d
Close Je somnel bl to mtabuate Jon o Tier st Teoccanhiv ol dle Sl o
vaprd dotenoration ocoms cpate commenty w il the st tosws Bones el therc o
ez cvaloation s not sathaent When posaible corvical il are obtaned pror
to citbation Jh’lull'\')l UL oM eNPeienoe e Kfractures e quuite tare i pahients
whee td Qe ntahation fora biead ey Tt s sispect bt thie vk s st
acenved calla s pl.u’\-\( and oral tehation s e A((vmlvtui (R PISLEY hockes
stich - bend at the tp ol the endotracheal tube created By means of sty et 1 oral
mtubation appeas techmcally straehttorsard. we do not hiesitate toaae mosele
relasants wath .q)plu ation ol crcond prossure tollonving pl'nml ol proosy denation
Fhe sureeon shoald Lold the head dunns this mtobation and warn ol s nependime
eveessive extension. The alternatives e blind nasal intahation swhich may be cass
m-the bvperventilating patient. ors b e permits. intubation over o fiberoptic
Bronchioscope I all else fails tracheotomy nas he necessay

Boarbitteates. other ll\|)||n!u'\. or pnnsele relavants iy he |w|l1|lu[ to control
rostlossness cither to permit CAT scaning or angiography or to proeve nt an merease
it e ranial pressove owing to strammg cansed by e rotation ofan endotrachical
tabe The abihty to conduct a nenrologic assessment s thereby Tessened. buat this
Shonld not be o concerne Fither a surgical (lt'\‘”[ll]\l('\\l“ll is mdicated by the radio-
lore fmdines or it not. an mtracranial proessure line may bhe iserted to permt

accurate oncomye evaluation

Fluid Resuscitation

Incany patient mowhon aomagor nooey s suspectedat least two Tarae hore
intrasenons cannnlae shoudd benserted. one of swhicl shonkd be Tocated u'ln(l.l”}
spertor vena cava or vight atrrnn - One shoudd not depend apon fower extrenmiy
lines for intiaon i those patients i whonr disraption of diac yeins or the inferion
verntcava s possibihin A cathiceter should be placed e the Bladder i ol pativnts
Fhose who have decrcracd shin perfusion swith resaltant pallor and coobiess narrow
pulse pressare tachyvcardiae and orthostatic hyvpotension. are likeh to have Tost m
cveess of 2006025 per cont ol their blood volimie: Cardiae ongput wall e decrcased
e approviate proportion to blood loss Determoration of mental status indicates a
more severe loss of blood salume nsaallv i excess of 10 per cents Fliid resnscitation
shonld e started. it s nsetnl to sequentiad nomber cach ness bag o fnid Blood
volume should berestoned to at feast ac level at which a central venons prossure of
several e Hais obtained. 1 ervstalloid is nsed for this purpose. 3 or more Titers
ey be required i the previonshv deseribed signs e present. 1w picamatie sait

Gooor OMASTT sue has been indlated aronnd the victim's abdomen and lower
libs o variable bt potentiadly Targe amount of intravascular volmne may lave
heen shafted centeadly 0 The measnred central venons pressure will then not be
aiv wcrnate reflection of total intrasaseular volimne: The suit should be deflated one
Coropartinent at a time. with carctul obseryvation of hemodyvname statos when vol-
nure replacenment has started and when immediate surgery can be pertormed i

TIUCUNNUY

I)

emedication Agents

Vhese shonld not be used routinelyc Extreme cantion is necessarny in i povao-
e patients and agents without effeetive antidotes shonld be woided. Atthough

marcotics are cifeetive e relieving pain and anvicty they dilate pesplieral Bload
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vessebsand may produce turther v potension with resaltant cerebral ischemiaddimg
to the sedative etfect of the narcotic. ciusing regurgitation of gastric contents and
aspiration Cimetidine, 300 me intranmusealarhy - is sometimes advocated as a means
of decrcasing gastrie acidity in emergeney surgery patients. This is not vniversal

practice and we do not do this routinely.

OPERATING ROOM MANAGEMENT

Preparation of Equipment

In order to provide anesthetic care tor major tranma at & moment’s notice. a
completelh ready operating room should be available at ol times. The anesthesiol-
ogist should have the following recenthy checked equipment in place: 1 anesthesia
wachine, 2 volume-controlled ventilator, with appropriate salues preset. 37 soe-
tion, £ Laryngoscope with spare blades and endotracheal tubes with stvlets, 5
appropriate drgs pancaronium. succim leholime. ketantine drawn into labeled -
ringes. 6 two intravenous infusion sets with pumps and blood warmers, prefilled
with envstalloid colution. 7 material required for placement of arterial lines. S
warming blanket and or a device to provide heated hamidified inspired gases. 9
detbritlator with internal and external paddles. 10 calibrated cquipment to monitor
clectrocardiograph. arterial blood pressure. central venons pressire. nearomusenlar
blockade and temperature
Choice of Anesthetic (Regional or General)

We prefer general anesthesia to regional for the more major injuries. particu-
Larlv i the presence of an unstable cardiovaseunlar status or injuries of the abdomen
or thoray. Sping anesthesia does not permit contral of ventilation and the resaltant
svrapathetic block prevents an important homeostatio response to hypovolemia, In
paticnts with abdominal injuries. the extent of the necessary exploration and pro-
coedures is usnally uncertain preoperatively . which precludes Timited block Tesels,
On the other hand infiltration anesthesi or regional blocks can be extremely usetul
tor the munagerment of the imore minor peripheral injurics. provided that attention
v pand to the v sate dose of the agent selected relative to the patient's bods

sizeand phvsical statos

Induction and Maintenance of General Anesthesia

During induction of anesthesia aspiration of gastreic contents into the Tungs mias
tollow passive regnrgitation or active vomitime The Latter may he avoided by nang
a rapid mtravenous mduction sequence When diaphragmatio relaxation occims see-
ondary o cerebral sclicmia heasy sedation. or anesthesiae passive reduraitation
may ocenr as . resalt of the difference e pressure hetween the abdomen and the
thorav, Several hovas ob delay in sebeduhng surgery may deerease the probabdin
of tood remannng m the stomach. but thas is never totally reliable and na be
contraindicated by che irgeney o the o v low gastric acidity and o an ecnipty
stomnach cannot be assumed for etended perrods following travmue Therciore . the
tollowimg steps should be taken

I o el cases of imtestina ofwtiction dlens o gastroduodenal « doration on hleeding

A nasouastrie sump tube shonld be placed and the stomach aspiratea mmedadel poor 1o

i duction - adthough this does not imsine an cmphy stomach

2 The probable case of Loy ndoscopy andd arad intubation shonld be assessed
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MWoth posvorbid st calable ancstbecncstondd e e o e sl dese o

e bpabarne s de el s s paoe e anc e nease b st presoee whoen
s hohme s snbscenthy o e T prcoscezenron B east tiee e s ot
cot Naeathing ot o Bve o thspreations then antoroposte o Pressige ql;!llm!
vorthe cncond catilage comprossime the npper csophagis and e gad i ot intnas enons

ISR aned msdde relavant asndly soconndoholime adimnstered i aacnonsh

Fanvneoscopy - tracheal mtubation cofl imtbation. and checks of tahe Tocation
necarned ont betore cneord pressire s removed T I Livngoscopy aad ntubation
ac eapected to he ddbieudts othey options e e order of preference. intubation
sl o ol nnder topncal anesthesia it necessary wath o liberoptic hroneho-
SRR o tacheotonny ander Jocadl anestheste Yoo acute mpuries ot the HEANN
e neck i whneh the state of the |)h‘n'\n\ is o donbt. we |m~|<~r oral mtubation
cdar von s bt step Thensif nasal intubation s vequired, aonasal tabe may
he advanced voder dircet vision wath the Larvos inc falbview and the airway protected
Phis peronts tudl evaduation of the tuars prior toonasal mtnbation

Whenever posaibiles hyvpovolemia should be corrected betore the patient is
tansported to the aperating room and anesthesiais induced 1t correction s not
possible: Becanse of the natire and extent of the injuries that i, the rate of hen-
Strhage exceeds the adahine o restore mtravaseular volume . it nay he necessarny to
mdince anesthean e the hvpovolemie patient. W the paticut s unconscions or
sovarel obtunded mtabation of the trachea should he acconplished sathont drugs
arwith neuromnsenlar blockme acents Wone I the patient is conscious despite
e aneorrectabiy bivpovalenne: other wechmigues are required

Formany vears it was common practice toouse ans altra rapidv acting thie-
Harhitnrate snch as thope atal tor imdocimg anesthesiaom this circnmstanee. tre-
e s e~ i et \luumprnmlum weluding death i aready severeh
by potcrsi e patent Phese chircal observations may be atteibisted to the mvao-
carddind l](‘])u'\\lun wid decreased |n'||pl|vl.l| venons tone catiscd b these agents
Retamme s rapediy actinee ' wenons agent that i nornovolemice, healthy pa-
tients and Liboratory wnmnal resalts i mercased lieart vate. sostemie vasenlar
reststanee. blood pressure and cardiae output 77 These are imdireet clects canrsed
by ncreased contrad \\|t||ut|u'(|« ontflow and lmlnlt'n-ptm’ blockade and decrcased
val tone T Ve sl doses ol Retannme 0035 10 0.7 g per ke inteas enonshy
we nsetd for midiemy Tanesthesia m by povolemics hivpotensive conscions paticuts.
It dose greater than that dictated by the dlinncal sitnation s ased. the indirect
stonmlatory responses are ot chicited, and Retamine’s diveet action of mnvocardial
depression may result we cardiovaseular decompensation: Onee itubated. the pa-
trent shondd be mechanicalls ventilated to free the anesthe \l\ll!bL{l\t.\ hands Faa-
Jenee s acking that cither respivatory acidosis or abhalosis s benefiond durme mas-
sive hvpovolema We therefore attenpt to imaintan normocapia. which has the
wlded adyantage of nat confusmga iterpretation of acd-hase statis

|'-n”1)\\|[|g |||(|lu‘l11n|, xlnl\ [RANRECN 1 .m(l “(‘Ill'!Hllll\('ll]‘ll' llln( l\IIIL' SZents are Al(l-
menstered antil the henods nanne sitrcdion s stabilized and seatemie Bload pressure
rses tow mean of at least 50 torr At that pomt corehral perfusion should beade-
quate it s then appropriate to consider the adunmstration ot other azeats The
coal v to provide analgesia or anmesia swath nonminal cardiovasenlar disturl e
Stnee the climeal situation s stitl e great Huy and conditions ran detenorate m
pmnlpl(' avetts that are casily removed or whose actions dre |’(-.u|||\ termamated
shonld be nsed Codopropane and ether e conttamdicated hecanse of the sk of

explosion masettine with o nluphots of personnel and electcal cgqupnient
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Poatha o onebopropra doore e~ rovinal e o Sk o Plaioth o
[

cvataphe Didothiee o e cone o the T ol of 1o Pt ont ooy RIRE

cotber e et e e e b e added e voey snd comcc et e

cardtaaso i o ctfects o nned N the onlialation rcnts e dnoct e g diad b
Prressants vl e ot o \l‘_‘!nh(‘m(]\ dan ased nvocandhald pre o
A fevpotc e sddad oo ngnd i too et conccatiation beoont dat
creeest ot adbnran aod Tidothane o be snperon i these cncnmetanees whoon
cornpare dorle ol The e stho st most pay extie o vl e ntion t
the vared le chiacal sitnationcand be prcpoocd to coase adimsteadien of dbmbalaeon
et Nl In\lwh NNy TN

Athezh adrons o e ST analoesie s e nth o st the
I potcrsve hivpovelenmne patie st Svce 1t st P e e lative I Tach concen
trations s adds oot potentad Jor bivposaa becaise of decreased mspined onveen
Corncntnaton boarthenore ratrons o wallinercase thie valinne of o e viotis|y
v hreved prccnthor oo and wali meorease bosa Ddistentons Althoosh vacaties
Bove becrovsed v s cramnston os o abrectnones oy B doOnee wnven
they cooenot be revned as v the mbodaton agesas Scoond s the ose of aadovone
torev s arcotie action iy b anlv paated v siceossbal Becanse of Ticpoperfnsion
tthe site s o actore o] B case ab Shortar daratione ol st od the antaconast than
the azomst Recont ovede e that aliestrations ob sadosvane s of bt i o
Darcottcd shocked anmeds srocests o cndorphoas end thas porhoaps narcoties
e detmmental i sch cncmnstances AW T ot obsoved ncncnoss of paan
e palie il stiomed postoperating v odloncie this conservatn Appron hoto
the tse ot contial norvons suston e Prossads

P~ loctine onese e relivnt tor contmmed e dirme the procedone o tabo
cnrantie s coorded hecose of s propensits torclease Tastannme resaltie o dnnther
[ pote e Pancroonmm s preten Ao cdbarme hecanse of s 2reater vagolvti
P tties l'|\| it Tosaan ullll:.lln!\ e IR0 e nec o onal oncreton
Mttt and NC Y et et dhaealc nebddbe e thie Teast candionasanta

| ,
wotroris b o polarizm mnscle Livants

Hemodynamic Manazement

Mtcr secame the s el cstab e vennilitions honodh nannes remans
the prnnany e Becose of the vapedit and mtensaty of plivaclone rosponse to
beononnhiss sreasedd ~\|nix‘|(||4l|< aatern activity creasodh re e anziote nsnon
astem vty g teased ) (SR AIRE N ML II]IlI“l.lI circulatory cthocrs acndhie ctab
olites divect Tvpovic cttects ond fhoed statts and e mdtphoty o teapeat
neceteycrs e the acate sitiation the Tienody e statns of the patient awill Gl

taprdls

Vveordiezlv aconate heat ta-hear Blood pressire otz as ans napontand
aspect ot the aonte mamaecement For this ceason and toallow Peate o nlml S
l\'ll coobartenal blood tor mcasurement of Poo Pooand pll e e e otenndd
cancimla Shondd b p|.uu| s carlhv o the Operating toom segneaee as feaable
e Sy In \I||'_L|A.|i ot 1!:»\\“ Alln[ catmecl (l to Proessing (LHI\(]HU 1 tor conting
ove easirement of blood Prossiinre e arteral e shaondd T p].u el the et
eatrenity becanse 1t Tee e sy 1o cross «'|J|||p the thoracn aota v contaal
VOruets s o venbcdas a ol IIL,'I'.‘ u'r‘lxll (‘IIIIIIII-l\'H’HI(l 'n lVl‘l(l'll i IH‘IIKI]“HI:
winde the patient as o the cmercency oo or soon adter s al e the operating

roons T the operating v aint odaction throngh aninteral paandan vons favored

.y
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[, G e e aeteeabatg Do s B bcrier v Bl b e e e

ol sty ot et theoaeho the oacr and the wocsataliee ot thie voete wiale
o rreceeds To ot comtioons e et assessrme ook oot e s
e b cgad vonhicaons of positions canteda Lol Become cted ta
s transdioor T preponcde sance ob victimes el e troana e oy v
witheeor et diseas thus contral venoas e s wall vl e o llI' ¥|H‘I(<
sotbectione d Tote aeded Bl prossinn Placenent of wopolionary antenal I an

thealvcane obthe rassvely tonsatized patiend s i her rccossany non advisadile
P s better spent tondhg to lichics Prorty issres

It there o necd tor assessnnent ot intiaoperabive Tettsaded il prossaee
fott arnd cahetor on be mserted dnectie o thoracotonn Lus beoen P Hormed
et obsorvation of the degrec of tlhme of the oot s adso aectal i the o alination
o the patient s vole statns Phe carlv steees of resisatation of the rassvely
Wl \Iln: paticut teguinre contigions cornranead pon hetween the NIRRT andd i
sesthietists s to the e and extont ol the Lt es andd the hernody nanne indiees
it s necossary tocross-Clinp the st to provide adeguate Bleod tow to the bram
ad et e presonce ob nesive b povolene sibsegnent remosal of the elamp
TV At h\}\nln resion o cnrendlatime yolume filling o ]u.-\um\l\ cripiy i idote
vasonlar oo o DN nth 1 pertisioi Should be estabihishied cradnaliy as Lies
piodv s ot with addhion of volame o base o hoth s u-qlvmnl

Intraoperative Fluid Resuscitation. The anount of Huid solime to adnimistor
v nndcd B the st Blood pressiaee and the caediae illing pressave Fhads e
achomistered as rapndhy s possible nutil the contral vencos pressive s the noread
vanze bon e anesthotizod patient S b 10 tore o the sostennic hlood prossone as
”I' '|~1"m‘ Faatile

Aoch research and disensston bave sorronnded the issue of wlach thad o
whinroster Phe climonon may currenthy choose tronn whole blood packed ool <l
wolitions crvstallond protein-contanimng fhinds colloid © or othier ovmoticabs actine
wents anch as destran Whole Blood s the thiid of choice despite some dehoencies
A bamheed Blond s Whale Blood oflers the advantages of the ability 1o transport as

Uas tooon e ol -oad onveen and carbion dionide . Gontatns most clotting tactons

RSN
moadeqeate supphv and s agood hutier at plivaologie pHE The disadyantages o
Banke d Blood nchade T storage temperatiee 8O wath el thernmal capactty
decroaned ot tactors VN and possiblc N Laek of tanetional p|‘m‘|rl\ after
2V hosre of stor e Towe pEE gl potassinn concentration decreased red cell sure
vnvdl presonee of vod cell membrane antizens, which reguires toprng and crosee
ot b of e patient s blood wath the Blood o be transtused afthoneh the TS
v hoed Tneh v Lvorable evperence e Vier N ising wmmatched Tow antic v
it B ottor o O and the need o cross-nateh as been questione d
e nth prosence of citrate sk of transuossions of hepatitis and decrcased red
D2 dplosphoglocerate DPG coneentration. resalting m Ingh hemoglobin af-
froaty tor onveen

Wood banks arcmorcasmeh dractionatimg whole blood snta s component purts,
separ iy |w|«|~n|.| Proon rod cells ('nn\l'qtlx‘nlf\ woe st olten rely on ]2t ked ved
cells ordimaniy span to hematoont of apprositely 70 per cont To deerease vis-
costtyand thos case adnnnistration e hedd cells <hould Be reconstituted o an ap
Pronanade Iv normal Biemadoent prior to transtoasion Sodoin ehlornde 0y per cent

1

1~ the ondy Hudd recommendsa by the Yieoean Assewon af Blood Banks tor vse

ton this pitrpose " Recans jrie ked colls contain httle Pl.l\lll.l some of the advantages




3N T T A AR RS | B POE T BT
o hiede Blood e dmmnstad O ot trasport s ot allectod how v er ad the
CO trasport capabnlits s oy someswhat decreased s oas batterme Cgpaaty ol
contseall ottt factors

Despite conmiderable Liboratons andh Chimecal vvestication there s no b o
dence that the nse of imcrohiters tor Blood adiistration s Leneliol Ihe resis-
tanee of these areatly imnpedes raprd blood adiinistration. wad we therctore do not
recommend thew ase m tas settine

Note that when extremch vapd miusion of viscons Hhsids s reguired there s
Ceonsidendble diterence e resistaner o How hetween varons tupes of adasion
cauipient and blood swarners Stopeocks offer Tiali resistanee and theectore shaonld
not he nsed

Tnevitablv s antl the teama victing s blood s tvpeds fuids other thae blood
nuest be wdmimistered Corrent evrdence mdicates that me this regard collord is of no
advantage over erstallond O and i taets wany he detinental )
Coven the expense of the former and the avadabilite and case of adnnnistration of
the latter there secms to be fittle. of wi s reason to adimaster collond e the acute
ressertatine period Resnsertative lods andercome vescarch and development m-
dnde thiorocarbons and stromad-tree hemaoudobim. cither me solution or cocased m
Livers of lipnd - The ovveen content of hiorocarhons is proportional to the partial
pressurc ol onveen e the thnd and reaches anacceptable Tevel onlv at very hoah
Po o Farthermmne, fhorocarhons are cstiemels expensives wath etraordinarily longe
halt-hives

Becentlv it s heen posable to prepare hiemoglobing with very dittle.  ans
Strorsal clements thus ehinimating renad tomeitn ™ and offering the advantage of gl
onvveen condent at normal Po Furthermore e nmglnllm 0 pn'lnuul can he stored
s covstadlime forn at room temperatare for prolonged pernnods ot tine and siice
o red cell mernbranes aod antigens are present. standard blood tping s unnee-
Gy Current research s focnsed on solvng the problems of short intras asenla
halt-hite two to four honrs as a resnlt ob renal exerction. and Tow Poapprovmateh
11 torr ot this solution of hemoglobin monomers Nevertheless stromal-free hemo-
clobin has becn shown to be saperior to albumin m supportmg oy ocardial function
Shoutd the problems of halt-lite and Jow P obe resolved, stromal-free hemodlobin
e ind s place i the carliest phases of resascitation of the massively blecdimg
patient

Persistent Hypotension Despite Apparently Adequate Fluid Administration.  Ths
atiation e observed at some stage e the operating room management of man
satients who have sustained extremcl nagor inpries The fiest chiecks should he of
the aconracy of the omtorimy systegy

Iransducers and monometers must be ~l|1|)rn|nmh'[\ ]m\ltmnml. and 1t s usetul
to hane |1]«u'u] a bload pressnre cutt on the fimh that has heen canmmlated tor the
”(('\‘Jl ‘"l'\\l“\' ll\\' 1“'\“\‘\“‘“ ]”\'\\\ll'\' can { wn ‘l(' “\l'(l sl (‘Ili\\'l““'("\ ‘)(’\\ll‘l"
canses ot ”l(' contimmng ]l\])()l(‘ll\lnn st lll('ll l)(' H'\Il'\\('(| ”I('\l' illl‘]ll(](‘ llll([(‘~
tected hemorthage hensothoray prenmothoras, or perncardiad tonponade . acidoses
Inpothernna or anoror i adimmistration of ventilation or anesthieste Hy pocaleenn..
ey be present i cateee cses of Inpopertusions fnopethermas and inasave trans
hasnomn

I correction of acidosis s metlective merestorme systenne presstire, we cimpit -
wallv adinmster calomm chlorde 1 an mtravenonsh stmee onized calenmnm nea
surenients e not readidy avalkabile Caderon and other pressors hase donnnshed

clectiveness dunmg acidosis
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o ot rospennd prosson e nts dopaanee o dobutiomes S0 12 e per ke pes
ot antr eI ted v e Be omtesed ol canse o o ardyad faal-
it ll”‘-'\\!“l‘.‘ i Hhor iy x]u SE i ies s ooty il l|||\m||\n| \\[IHII [RETIAN |n
dicnosed by direct absanvations of the coramany artenes e guestion ol the exist-

wooot a0 v andnd depressant it e shock s controveraal Inoad
Diveecs aomonrhaee e tabodie aodosas and B pothe coosc e the twoost coron

oy s acatime bctors i the nnassine b Blecdime toanatized pateenn

Acid-Buse Balance

Focy tissie pertision teselts maccnmmdation of et acnd hecanse of decreasod
wonladdndity ob osveen at the end ol the clectron taansport cham and decreased Tiepatic
Ml\‘,tl»u ot Lactate dinme severe tedactions of l\\‘p‘nl\' hlond floaw o <\l11|l|L’ SeNeTe
Bvpon It ot Chicadlv converaent to measure Latie aond However s ap-
peatarce i the blood wall vesolt mr o nean b steachiometie ierease e hase debent
Boase Jobart e beoraprde comprted trom measnrenents of actenad
oo aed pH vrterd Blood s and Pt Jiondd he measured as soon s
possible The promay tecatment of aadosis secondany to dnpovoleiae s obvionsh
volinne o M.u« ment It \u|H|m In testore ll «lII\I [)l‘l"ll\l”ll prrossare s \l(l\‘rl\’l(ll}
the wwodos s sadb be conrected s the Tvar tikes up Tactate and the tissies cease
Pactate prodictions Thos treatiment obacidosis persewall not he reguined Howeve
1t h\pul. Testore potsists this v b [)‘nth\ die o aadoas Tdeally, the (m:l\l(ln]‘
At s oo shondd Be e asured e date are nof vet asaalable s e toad
snnstes NaHC O therapontic test o ansial to obsenyve chomeallv naportant
Cardine o ctlects o e ol aardoss at base detiats Toss than 10 mbg per
lter e oo thos settimz aodosas of cansiderablv creater inagnode s common
Mol Body buese detiont s naady caloalated teoen the formunle 603 hase eveess BY
kg per heer - hody e et ke Thos 2000 00 more by of NadlCO s he
T 4ot the cardiovasonla statns s asially nstable when adinmstration ot
NoHe O s mdie ated ccadonbited dose sall ot provide exact corrections Repeated
cvahition s necossay Based onoreeent evedence that over aowade temperature
cnze vertchrade plsta pHoas dosely related to the pil ot swater and the wonzation
ot sndasole T Beo and pit shoald be measied at 3T C and not corrected to thie
patient s temperatine Inoany ovent over the elimncal rnce  computation of huse
cneess s veny nearhy ek 18 ndent o miperatiine

Los not clear whether measured Poo should becorrected oo the patient s tem-
poratire o reported at 3T O However temperatare correction s neeessary tor
comprtation of dvenlaratnal ditterence i osveen tenstons Vo Furthermore,
e the hvpothermue paticne it temperature correction resu’ts e crron itas on the

sde ob patient satety

11y pothermia

Poor portusion openme of maor hods cavaties nd adummisteation ol {lnids of
torperatnnre Jess than body tenmperatiure mevitable vesalt in foopothiermia #ypo-
thernm [m‘wn(\ nmhlpl(- \Llll‘_’,l'l\ My ocardial binction decrcases with temperature
T the cead et of decreased inocardial preload and prolonged poor mvocar -

dial perbusion vocadid ||\lmlln [RUTAE [)mul\ tolerated A mivocandiad tetmper-
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dancer of possible regurgitation and aspivation of gastric contents. the patient should
not he extabated until he or she s awahe and has intact npper airnvay refleses
Ater niajor trnnna, many patients rensin unstable in a number of wavs. -
1ll|\h”L’ l\l()(\\l \(lll”“(' nlll(l lll'“ll)(l_\ TS, ll’”ll)('l]ll“r(', ‘l('i(l'lhl\(‘ l‘nll|lll(‘l" .lll(l o
avnlation. T some stances, pulmonany edemais present as a result of pulionarn
trinma or secondary to previous cardiae ischemia or massive fluid foad. Intracraniad
pressuce may requive monitoring. Tntensive care will be necessary. bt the process
of transter is not simple. There will be alapse of time before the patient is settled
e the intensive care unit LU with all monitoring svstems functioning and: the
1CU staft conversant with the ongoing problems. There wre varions wans to mect

this sitiation, but the suiding principles are as tollows

FEstabhiah and imamtans as noeh neonitored stabifits as s leasible i the operating voom
that v do oot tahe a0 Blind leap” to the 1CU with wbivpoveleane. T potensive patient whose
Blond was Jeveds and aord Base statos are inhnown. T necessary . stav e the operating roons
lonre enongh to vorrect these defects
2 Use portable electiomc montormg and mechameal ventilation equipment tor the none
v the TOU Lo e that these e tnmetionme well hetore feaving the operating room I
patients with soverchoimpaned Cadiorespiratory statos, a change to nannal sentilation mas
vesiet o sud crent hance momtiathioraoe pressure to canse mereased h\putvn\mu o intiea
cramal prossioe or bo pernnt s hange i Ting vodume with vesulbme detenoration wm ovy gen
v \Lh.lll'\'(

VP orewarn the 10U to prepare the necessary ventilation and nontormy cqnpoient and
e other urgenth regnred therapy sochas blood prodncts

Vo0 establche continmty of Blood pressre momtang and ventilation as st
pront St with the patient antb all montorma and support sustems e reestahlished and
the 10U cd s Lenmheozed soth the patient s oreumstances and orders
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WESKOPE, RICHARD B Maky I TowNsLEy, KATHRYN K
Riorpan. Dark Hakkis, aND KareN CHADWICK. Aewd base
curce and alignment nomograms for swme blood. 0 Appl
Phyvsiol, Respirat. Knviron. Excereise Physiol, 30060 YTR-GR83,
13 —To construet acid-base curves and alignment nomo-
grivms for swine blood. we added known amounts of acid or base
to aliquots of swine bluod with three different concentrations ot
hemoglobin. Pairs of blood samples were equilibrated at two
difterent €O partial pressures, and blood pH was measured
Data were analvzed by computer, and mean vidues were created
tor complete data of four swine. Curve and alignment nomo-
grams were constructed by computer. The resultant nomograms
tor swine blood difter trom those constructed by Siggaard
Andersen for human blood. most importantly at base.excess
values of +10 1o +20 mmol L. The possible reasons for the
ohsepved difterences are discussed and. although not completels
rerolved may be related in large measure to the aceuracy of
pH deternination and the methodology of nomogram construc.
o

carbon dioxide partid pressure: blood pH: computer analysis

RECENTLY THE PIG has become increasingly popular as
an experimental animal. To maintain “normal”™ values
during some of our experiments (91, we needed 1o know
the acid-base parameters of swine blood. We were unable
to find this information in the hterature. Although we
lacked information indicating specitic differences m acid.
base parameters between human and experimental e
mal blood. we were not especially concerned until the
report of Scott Emuakpor et al. (12, which indicated
differences between human and canine blood in the he.
moglobin-independent plot of log COL partal pressure
(Pcoy vs. pH. Those findings and our need 1o character.
ize the acid-base status of swine blood led to the present
investigations. As 4 result, acid-base curve and alignment
nomograms were constructed for swine blood, and the
methodology used tor their construction was reappraised,

METHODS

Collection and handling of blood. Four studies were
p-rformed; the blood of a different pig wax used in each
study. Each pig's blood was handled in a similar fashion,

Pigs were anesthetized with thiopental, and 330 ml of

arterial blood were collected in heparin (33 units; ml

Gt UIGE TO0T R4 ORE ORI 50 gy ngghin

blood). Whole blood was centrituged, and three red blood
cell dilutions (to packed cell volumes of approx 9,27 and
157} were prepared from the separated red blood cells
and plasma. A sample of well-mixed original whole blood
and samples of each dilution were placed in ice tor later
determination of total protein 6), hemoglobin 6y, 2.3.
diphosphoglyeerate (8), and methemoglobin (3 concen-
tration. Blood samples were prepared in duplicate at base
excesses (BE) of =25, =200 =15, =10, =5, 0. +5, +.0, +15,
and +20 meq/] at each of three hemoglobin concentra-
tions (a total of 60 samples) by adding 100 1 of working
acid or base solution (see below)y to 3.9 ml of blood. To
prevent red cell ysis, blood samples were brieflv centri-
fuged at low speed, and the acid or base solution was
added to the swirling supernatant plasma. Samples were
then gently but thoroughly mixed. Blood preparation
was followed by tonometry and measurement of pH. One
member ot each pair of blood samples was equilibrated
for 7 min in an Instramentation Laboratories modet 213
tonometer with a gas mixture of 2727 CO i O the
other member of the pair was similarlyv equilibrated with
a gas mixture of 9.60° CO.in O, The gas mixtures had
been previousiy analvzed in triplicate by the method of
Scholander (111, (When these gas flows and concentra-
tions and blood velumes were used in preliminary oxper-
iments, cquilibration of blood with CO - was achieved
within 4-5 min.)

We measured pH using a Severinghaus-UC electrode
(13 thermostatically controlled at 388 € and a Lorens
model 3 DBM-5 amplifier. The pH electrode was cabi-
brated with precision reference buffers (pH 6539 and
779 ar 388 C) Radiometer 3-ml sealed gliass ampules)
Electrode calibration was checked with the 7379 butter
hetore and after each blood sample reading. Measare-
ments were pertormed in duphicate with a maximal alfow -
able difference berween the two determinations of 0,003
pH units. The mean (251 of the ditterence between the
paired reading for all san.plex, caleulated without respect
to sign, was 0.001 2 0,000 pH units, Measurements ot pH
were corrected tor red cell suspension effect (171810 Poo
was measured 1 dupbicate by using a0 COL electrode
tRadiometer E5036) i a0 steel-and-glass cuvette iRady
ometer D16 thermostatically controlled at 385 ¢ The
eleetrode was calibrated with gas mntures analvzed in
triplicate by the method of Scholander (11, A reading of
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a standard gas with a Peo: close to that expected for the
blood sample was taken before and after each blood
sample reading. Blood CO. tensions were systematically
measured to ensure equilibration of blood with CO..
Mean (£83D) difference between measured and expected
blood Pco. (calculated without regard to sign) was (.88
+ 0.27 Torr at Pco. of 67.9 Torr. Readings for pH and
Pco; were corrected tor electrode drift.

Preparation and standardization of acid and base
solutions. A 1.0 N solution of Na.CO. (1007, certified
alkalimetric standard, Fischer Scientific) was prepared
and used to standardize, by titration, what we determined
to be a stock solution of 1.01 N HCL The 1.01 N HCl was
used as a titrant for a stock solution of what we deter-
mined to be 1.03 N NaHCO . Concentrations of 0.2, 0.4,
0.6, and 0.8 N acid and base working solutions were
prepared volumetrically from the stock solutions. All
working solutions were titrated as described above. All
titrations were repeated after completion of the bench
laboratory work reported here: no difterences were noted
between determinations made before and after these
experiments.

Data analysis, The data generated for each pig re-
sulted in three sets of values (1 for each concentration of
hemoglobin). Each set contained values tor pH and Peo.
for blood samples at each BE (0-20 meq/1 of acid or base
added). However, since the BE of the blood drawn from
the animal was not necessarily zero, the data were
“normalized” to correct for any small acid-base imbal-
ance at the time of sampling. To accomplish this, Sig-
gaard-Andersen and Engel (19, 22) ploted constant CO_
titration curves (pH vsacid or base added) at hoth CO.
tensions for each hemoglobin concentration. . ney curve
fit their data by eve and by hand and similarly shifted
the axis for the added acid or base so that zro corre-
sponded to pH 7400 for the Peo. 10-Torr curve (0.
Siggaard-Andersen., personal communication: see Fig. 1),
In following their methodology, we noticed that minor
ditferences in curve fitting and shifting the data “hy eve”
resulted in relatively large differences in the finaf nomeo-
grams. Unable to arbitrarily vesolve these observed dif-
ferences, we used precise mathematical and graphical
techniques that were implemented by a computer.

For each concentration of hemoglobin, we caleulated
regression coefficients by using a forward stepwise (with
a backward glancer selection procedure th o tit the
model

pH =1(C, + C.*BE + C "BE'" + C,"BE
+ CoBED'log Peo-+ Co+ CCRBE
+ CUBE + CBE + CoBE!

This model has the following properties; 1) for any
given BE the relationship between pH and log Pco. is
linear: 2) the slope and intercept of this relationship may
vary nonlinearly with BE; and ) for each concentration
of hemoglobin the calculated coefficients define a maodel
that fits the data with high statistical significance (R >
(.94

For each level of hemoglobin, the equation wax
“normalized” to a pH of 7.400 for a BE of zero and a Peo
ot 4.0 Torr. based on the observations of Orr et al, in

9749

six awake chronically catheterized swine (104 These
investigators measured  arterial CO- partial  pressare
(Pac, ) as 38 Torr and arterial pH (pH D ax 743 (BE < 1
mmol/). This seemed sufficiently close to the human
standard of Pco. of 40 Torr and pH of 740 to retain these
values for BE = 0 for the purpose of nomogram construe-
tion. This normalization was accomplished by solving
each derived regression for BE at pH 74 and Pco. 40
Torr using the Jenkins-Traub three-stage algorithim (7
The result, BE....,, represented the deviation of the acid-
base status of the animal from zero at the time the blood
was drawn. Values for the amount of acid or base added
(BE) were then adjusted (shifted) by the amount ot
BE. ... The above regression model was then refit with
the shifted BE values.

Curve nomogram. By using the equations resulting
from the above curve-fitting procedure. we caleulated the
relationship between pH and log Peo, for each of the
three concentrations of hemoglobin at each level of BY,
Siggaard-Andersen and Fngel (22 stated that for each
level of BE. there exist a single pH and Peo. thar are
independent of hemoglobin concentration. Therefore tor
each level of BE the three lines caleulated above should
intersect at a single point. Brodda 12 has caleulated tha
this can occeur only if shifts in water between the red
blood cell and plasma that resalt from changes in pl e
taken into account. Experimentaliv the three isohemao
globin lines at each level of BE result in three mterse -
tions. Several approaches iare possible when approximat-
ing the hemoglobin-independent point by computer. For
example, the three points of intersection could be anver-
aged. However. this method can be shown to be subject
1o large error when two of the hemoglobin lines are
nearly parallel. Other simple methods of approximation
are similarly subject 1o ervor. At the expense of being
more complex and cumbersome, our approach avoided
this potential ervor.

We approximated the hemoglobin-independent point
by calealating the point that minimized the mean square
difference in pH and log Peo. between the point and the
three buffer slope tisohemoglobin lines. Intuitively such
a point would be that requiring the smallest change in
the projection of the three hemoglobin lines to produce
a common intersection. We derived this point in the
following fashion.

Let (pH... log Peo., .0 be the Hb-independent point,
and let m, and b, (1 = 1. 2.3) be the slopes and intercepts
of the three linear relationships caleulated from the
regression model for a given BE d.e. pH = m, log I'co
+ b, Solve the following set of equations for pH. , and
log Pea. .,

dX
=0
diplt

where X = (pH - pt.o + pH - pHL o+ pH -~
pH..

dy

. =0
ddog Peo.

where Y = (log Pea. = dog o+ dog P'eo = o
Peo a0+ tog Peos = log Peo
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FiG. 1. Mean acd-base curve nomogram for swine. See text for

derivation of “mean” values for 4 swine and construction of nomogram

TABLE 1. Swine base-excess curve nomogram

Coordimates

Conrdinates

Rase Excess. — Base Exvess,

N R A medt e 0
-20 7145 197 | 0 7.400 400
~19 7.162 207 1 T 406
~18 TR 218 2 7. 410
-17 7.194 229 | 3 7 414
~16 7 241 4 T 416
-15 252 5 T. 418
~14 263 . 6 7.4 418
~13 275 b 7. 41K
~12 86 | 8 T 416
-1 298 9 7 413
-0 309 10 B

-9 320 1 7
-4 RER N 12 7
-7 s | 13 7
-6 351 | 14 i
-5 361 | 15 7
-4 37.0 16 7,
-3 379 17 7
-2 386 18 7
-1 9.4 19 7

20 b

Pcos, CO, partial pressure.

WEISKOIE FT 0L

pH, = m, log Pco, .. + b,
fori=1,23
log Peo,, = PHo = b
m,
A curve nomogram was then plotted by connecting the
hemoglobin-independent points for a series of BE values.
Alignment nomogram. Curve-shifted data were used
for a computerized construction of the alignment nomo-
gram, in 2 manner similar to that described by Siggaard-
Andersen (20).

Mean Values

For each pig the previously derived regression equa-
tions (1 for each concentration ot hemoglobin) were used
to calculate pH values at each standard Peo., at each
standard BE. The resulting four pH values (1 per pig) at
each Pco,. BE, and concentration of hemoglobin were
averaged, thus producing a set of data representing the
“mean” pig. Raw data could not be used for this purpose.
because the BE values of the sampled blood ditfered
slightly among pigs, thus requiring differing degrees of
curve shifting to achieve normalization. Mean data were

1.70 ~

1.60

1.50

1.30

1 -t 1 1 1 1
7.30 740 750 760 770 780
pH
F1G. 2. Comparison of our "mean” data for swime ( — - - 1 with
Siggaard-Andersen’s data for bumans (- - -y and Scott Emuakpor's

data for canines ((— - ().



ACTDBASE NOMOGRAMS FOR SWINE BLOOD K|

then handled as if they were from a single pig. and the  that of Siggaard-Andersen (19) for human blood and with
above-described analvsis was performed. The result was  that of Scott Emuakpor (12) for canine blood (Fig. 21

separate mean curve and alignment nomograms. The alignment nomogram is shown in Fig. 3.
RESULTS DISCUSSION
The mean acid-base curve nomogram tor swine blood Our mean curve and alignment nomograms for swine

is depicted in Fig. 1: the data are presented in Table 1. blood are different from nomograms for human (19, 200
We compared our curve nomogram for swine blood with — and canine blood (12) (Fig. ). As a technical check. we

PCOQ
~10
g
BASE EXCESS 9
mmol/L BLOOD OR PLASMA pH o
8.0 15
7.9 2
o
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7.6 3
' E 25
=73 3
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- £ 50
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80
90
:]00
:] 10
_—]20
130
—140

=150

K16 3. Mean acid-base alignment nomogram for swine. See text for derivation ol “mean”™ data and constraction of nomaogram
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pertormed sumilr but liniuted experiments with blood of
two human volunteers. The resultant limited nomograms
G0 data points, at hemoglobin concentrations of 3, 10,
and 15 g db owere similar to that of Siggaard-Andersen
201 between BE of =10 and +10 mmol/1 (P > (0.5) but
different from our swine nomogram (2 < 0.001). To
campire the swine alignment nomogram with that drawn
by Siggaard-Andersen tor human blood (20), we plotted
our data of known pH. Pco.. hemoglobin concentration,
and BE on the Siggaard-Andersen alignment nomogram
as f we were unaware of the true BE value. The BE
values determined from the Siggaard-Andersen nomo-
gram were compared with the true BE values. The re-
sultant estimated BE differed (P < 0.001) from the known
BE ot all blood samples at all concentrations of hemoglo-
bin and BE. except at a BE of zero, for which the results
are definitionally identical. In nearly all cases. however,
the caleulated value was within £10% of the true value.

There are several possible explanations tor the ditfer-
ehces between our nomogram and that of Siggaard-An-
dersen. Neither set of data s based on the blood of a
large population: Siggaard-Andersen used the blood of
four humans, we used four swine. However, in our exper-
iments, individual variation did oot appear 1o be an
important problem.

Some of the abserved ditterences may relate 1o differ-
ences in species. Scott Emuakpor et al (12 desceribed a
curve nomogram for canine blood that ditfered from
Siggaard-Andersen’s curve nomogram for human bload.
The buffer value of plasma proteins and hemoglobin can
vary among mammalian species (4, 259, and this may
aceount for some, but not all 21y, of the difterences
among the nomograms. Measured total protein i our
swine blood (7.2 £ 03 ¢ db was sinulir 1o the normal
value tor humans,

To create blood samples ot altered BE. we avoided
unportant dilution of plasma proteins by adding small
amounts of relatively concentrated (102205 Ny acid or
base. We thereby produced some alterations in onice
strengin of blood, which may account tor some ot the
difterences hetween our nomograms for swine hlood and
those of Siggaard-Andersen for human blood (19, 20
However, our curve nomogram for swine blood difters
even more from the original curve nomogram of Sig-
caard-Andersen and Fngel for huaman blood 220 for
which the identical method of addinon of acid or base
was used.

To construct the nomograms, we tollowed the general
methodology ot Sizgaard-Andersen However, the two
methodologies difter in several important wavs,

We used a method difterem from that of Siggaard-
Andersen 1o shift” the onginal dava to normalize the
drawn blood 1o the extabhished definttion ot BE = 0, pH
7400, Peo. 0.0 Torr, Siggaard- Andersen (personal com
munication) accomphished the following tasks graphi
callv, fittimg the curve and selecnng the pomts by exe D
curve fitting the two constant CO. utration curve plots
pH v acid or base added) at each concentration of
hemoglobin: 2 estimating similar data for Peo. a0 Torr,
assuming a linear relationship between log Peoand pH.
followed by curve fitting of the Pco. 40-Torr data ax
1y estimating the axis shift acid or base addedy o

WEINSKOPE AL

align the Peo, 40-Torr data so that at a pH of 7400, BE
was set equal to zeror and ) estimating from the hand-
drawn iso-Pco. curves the pH at preselected levels of
BE. An example of this graphic process, using data from
one of our swine, is shown in Fig. 4. We accomplished all
the above with a computer, the resulting curve-fit equa-
tions describing the data with an accuracy of more than
G99.957 .

To draw the BE grid. Siggaard-Andersen used his
previously developed pH-log Peo: curve nomogram tor
one set of blood pH and Pco. values and an empirical
relationship between buffer base, hemoglobin concentra-
tion, and BE to estimate the required second pair of
blood pH and Pco. values. Because of our uncertainties
regarding the specificity of the pH-log Pco. curve nom-
ogram and the empirical relationship described above,
we chose to use our original data and the computer-
generated curve fits to that data to determine the BE
grid.

To generate the cantinuous isohemoglobin hnes of the
BE grid from the original data. we developed computer-

Peo. v g
s
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(4] ~
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i » . . . e .y
ACID ADUED B8ASE ADDED
mmol |
fae b Boasessvcess BED ponmalization by graphicadiv g
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1zed empirical mathematical equations that were plotted
by computer. Siggaard-Andersen used points determined
graphically to draw curves by hand. Although we have
not examined svstematically the ditferences between the
two techniques, we did note betore completion of the
computer programs that seemingly small. unimportant
interpretive differences that occurred when drawing
curves by hand through the original data created rela-
tively large differences in the estimated amount required
o shift the “acid-or-base-added” axis. These differences
created relatively large differences in the alignment nom-
ogranm.

Another difference between Siggaard-Andersen’s nom-
ogram and ovur own is the temperature at which tonom-
etry and measurement of pH were performed. Siggaard-
Andersen’s experiments were performed at 38°C; ours
were performed at 38.87C (normal body temperature for
swine). Siggaard-Andersen correctly stated that mea-
surements performed at iemperatures within = 2°C of
38°C (the standard temperature of his nomogram) are
“without any practically significant ervor”™ (20). We tem-
perature corrected some of our pH and Pco. data from
388 to 38%.0°C and then estimated BE from our nomo-
gram. All estimates were within 0.1 mmol/1 of the true
value. Similarly, using established data for pK” solubility
of CO; in plasma {14, we determined that change in
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13. Appengix

The following manuscript, in preparation, is enclosed,.

Wweiskopt RB, Bogetz, S, Roizen MF, Reid [A: Cardiovascular and metabolic
scquelae of inducing anesthesia with ketamine or thiopental in hypovolenmic
swine.
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LOoINDUCTION DURING HYPOVOL

[¥ further svapatietic stimolation s aeither pussible nor desirable
duriig moderate hypovolemia, anesthetic agents capable of sympathetic
stinmulation would not be advantageous for induction of anesthesia during
hypovolemia. Ton test this hypothesis, 21 swine were studied during
normovolemia and after 305 of their estizuted blood volume wis removed. Swine
were randomnly divided into three equal groups to receive no anesthetic or the
ninimal anesthetic dose of ketumine (0.3 = U.38 my- Ry, iv) or thiopental
(5.77 % 0.21 mg/xg, ivy. Animals given no drue did not exbibit any further
changes during hypovolemia. Five minutes arter tonduction ot anesthesia ia the
hypovolemic state, ketomine but not thiopental caused large increases in
plasma epinephrine, aorepinephriae, and renin activity. Despite these
differences, both ancsthetics equally depressed systemic vascular resistance,
mean systenmic arterial blcod pressure, heart rate, cardiac output, and
baroretflex tunction. Neither anesthetice aftected oxygen consumption or stroke
volume.  Both anesthetics cansed similar increases in blood lactate

concentration.  Thirrv minutes afrer induction of anesthesia, plasma

epinephrine, norepin prrine, and renin activity remained higher in animals
piven Eetamine than o those plven thiopental.  However, systemic vascular
resistance, stroee volume, and vardiac output were not different for the
animals given ketamine or thiopental, and had recovered to values not
different tfrom those tor animals given no drug. Mean systemic arterial blood

pressure was not difterent in the animals given ketamine or thiopental, but

remairnd lower than in those given neither anesthetic.  Oxygen consumption did
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Aot Jditter anong groups; however, only the animals given ketamine continued o

show rurther fncrease in blood lactate concentration and base deticic. Thirty

minutes after infusion of shed blood, cardiac output and blood lactate

concentration were greater in the animals given ketamine than in thove given

thiopental or no anesthetic. Ninety minutes after infusion of shed blood, no
differences existed among groups. We conclude that after moderate hemorrhage,

further increase in circulating catechiolamines {s possible, but that the

levels achleved elther exceod the maximal etfcctive concentratinn at site(s)
of action or their effects are overwhelumed by the depressant effects of
ketamine. This study failed to document any advantage of ketamine over

thiopental when used in the minimal anesthetic dosage for Induction of

anesthesia during hypovolemia.




KETAMINE OR THIOPENTAL INDUCTION DURING dYinVOLEMIA 6

Although hypovolenia is usually correcied betore {nduction ol mestioiay,

some conditions may not permit restoration of blood volume betor. surgica!
intervention. Thus, it is occasionally necessary to induce anesthesia in an
uncorrectabiy hypovoluemic patient.

Coapensation for hemorrhage is complex; important mechanisms include
stimulation of baroreceptors and sympathetic and renin-angiotensin systems,
and increasesg”in heart rate and systemic vascular resistance. During
noruwovolemia, differvnt anesthetic agents have difrering influence on these
variables. It is not known to what extent anesthetics modify these mechanisas
during a stimulated state of compensation for blood loss.

Because of its pressor action, cyclopropane had been recommended until it
wias realized that blood flow {s more critical than, and cannot be equated
with, blood pressurc. Laboratory studies subsequently demonstrated poorer
survival rates for animals bled while anesthetized with cyclopropane than
whiie anesthetized with other drugs.1

The use of thiopental for induction of anesthesia during hypovolemia is
controversial. I[n World War IL, many young hypovolemic men were given large
doses of this new agent. They breathed spontaneously, sometimes without
recelving supplemental oxygen. Not surprisingly, results were mLxecl.z-13

Ketamine, like cyclopropane, was advocated for use during

14-1 .
hypovolemia 6 because of the hypertension and tachycardia produced in

o, 17=20 19,21-23
normovolemic animals and humans ™7 . Studies of animals bled during

ketamine anesthesta produced differing tnterpretations as to the usefulness of
!




POVOLEMIA

~

KETASINE OR THIQPRENTAL INLUCTIon DURING 4

R . . . =26
this druy during hypovolienaia.

Nerther kRetamine nor thiopental has dbeen studied i g controlled fashion
tor iaduction of anesthesia during hypovolemia. The single laboratory reports

, o . 27 . 28 .
ot adninistration ot ketamine or thiopental to hypovulemic dogs are
insufficiently deseribed and without adequate controls. We conducted this
study to examine the inrluence of anesthetic agents on compensatory mechanisms
. . : c o2
to hemorrhage In awake animals, and to test our previously stated hypothesis©”

that svmpathetic stimulation may be neither possible nor beneficlal during

induction of anesthesia in hypovolemic subjects.
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METHODS AND MATERIALS

We briefly anesthetized 21 young swine (Chester-White-Yorkshire
crossbreed; weight 20.0 + 0.5 kg, mean + SE) with halothane in oxygen and
nitrogen, which was adjusted to maintain arterial oxygen tension at 150-200
oaHg) . he animals were paralyzed with succinylcholine, 2 mg/kg iv (later
followed by administration of metocurine, 0.2 mg/kg iv, which was supplemented
as required). The trachea was intubated, and the animal ventilated (tidal
volume, 20 nl/kg; frequency was adjusted to maintain Pacg. at 39.9 £ 0.2
mmHg). After local infiltration with 0.5% bupivacaine, catheters were placed
through the superficial femoral artery into the abdominal aorta and
percutanevusly through the innominate vein into the pulmonary artery.

Halothane was then discontinued and eliminated by veatilation until its
end-tidal concentration, as measured by mass spectroscopy (Perkin Elmer Model
MCA 1100AB), fell to less than 0.5 mmHg (0.05 MAC). We waited an additional
30 min before beginning our studles.

Systemic arterial, pulmonary arterial, and right atrial pressures were
transduced (Statham 23Db), and mean pressures derived electrically by a Gould
preamplifier. Cardiac output was estimated using a thermodilution technique
(3 ml, 0° C, 0.9% NaCl), a thermistor-tipped 5-Fr pulmonary arterial catheter
(Edwards Laboratories) and an analog computer (Edwards Model 9520A). The
temperature of the Injectiate was measured continuously. Cardiac output was
measured until two successive values produced satisfactory logarithmic washout
curves and differed by no more than 0.2 1/min. We continuously measured

partial pressures of oxygen, carbon dioxide, and halothane at the orifice of
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the endorracheal tube using mass spectroscopv. These physiologic wvariables
were recorded by a Gould polygraph (Model 2800).

We calculated systemic vascular resistance (SVR) as the difference
between mean systemic arterial (BPa) and right atrial pressures, divided by
cardiac output. Pulmonary vascular resistance was calculated as the
difference between mean pulmonary arterial and pulmonary arterial wedge
pressures, divided by cardiac output.

Temperature, measured in pulwmonary arterial blood, was maintained within

C of its initial value using circulating water heating pads.

0.5

During each experimental condition, we used Radiometer electrodes in
steel-and-glass cuvets to determine partial pressures of oxygen and carbon

. 29 .
dioxide, and a Severinghaus-UC electrode to measure pH, in both systemi. and
pulmonary arterial blood. All electrodes were malntained at 37° C.
Calibrating gases and buffers were measured before and after each blood sample
reading; the measurements were corrected for electrode drift, liquid-gas
) 30 31 s

factor, and body temperature. Oxygen concentrations in systemic and
pulmonary arterial blood were measured i{n duplicate by a galvanic cell

instrument (Lex—Oz—Con-TL, Lexington Instruments).32

We calculated oxygen
consunption as the product of cardiac output and the difference between
arterial and mixed venous oxygen concentrations. Base-excess was estimated
using a nomogram for swine blood.33
During each experimental condition, arterial blood samples were obtained
for enzymatic measurement of whole-blood lactate concentrutions34 and plasma
eplnephrine and norepinephrine goncontruLionu,jS and for radioimmune assay of

plasma reain activityzb.
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All of these measurements and caleulations were made while animuls were
normovolemic.  Then 304 of ecach animal's blood volume (estimated using
vquations developed by Engelhdrdt]Z) wias removed through the arterial cannula
during a 30-min period. An additional 30 amin was allowed before measurements
were made for this hypovolemic state. FEach animal was randomly assigned to
recelve ketamine (Group K), thiopental (CGroup T)Y, or no anesthetic (Group 0).
In all other respects, animals were treated similarly.

We determined the appropriate dose of druy ifor cach animal as foiiows.
Forty-eight to seventy-two hours before the day of cxperimert, a cannula was
inserted into an ear vein of each (unmedicated) swine. Thiopental or
ketamine, 6 mg/kg iv, was given rapidly, tollowed by repeated iv injections of
2 mg/kg every 15-20 s until the animal no longer responded to a painful ear
stimulus. On the day of experiment, one-half this dosage was administered as
a single bolus. In a scparate set of experimeunts on swine, using eight
littermates, we cstablished that 30% hypovolemia reduces the anesthetic
requirement by approximately 30% for thiopental and approximately 40Z for
ketamine. (Weiskopf RB and Bogetz MS, unpublished data). These reductions
did not ditfer significantly from each other. Group K received ketamine, 6.65
+ 0.38 mg/kg; and Group T, thiopental, 5.77 + 0.21 mg/kg.

All measurements were repcated 5 and 30 min after induction of
anesthesia. Shed blood was then returned to the animal and measurements were
repeated 30 and Y0 min later.

For each experimental condition, results among groups were compared using
analysis of variance with repeated measurces and the Newman-Keuls acthod of

38

multiple coamparisons. Statistical significdnce was accepted when P < 0.05.
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Hemorrhage (Table 1)

Hemorrhage produced changes similar to those we have observed in a larger
group of similur swine. Right- and left-sided cardiac filliag pressurvs
decreased. Plasma renin activity, plasma concentrations of epinephrine and
norepinephrine, heart rate, and systemic vascular resistance increased.
However, these responses did not sustain stroke volume, cardiac output, or
mean Syvam{f arterial blood pressure. Oxygen consumption increased; and a

decrease in base-excess and an {ncrease in whole-blood lactate concentration

indicated the development of systemic acidosis.

Induction of Anesthesia with Ketamine or Thiopental (Table 2)

Control Animals: No variables changed in control animals during the

hypovolenic puriod.

Five Minutes after Induction: Five minutes after administration of

ketamine (P < 0.05), but not thiopeatal (P » 0.05), plasma epincphrine,
norepinephrine, and renin activity had increased. Desplite these differences
in circulating vasoactive agents, ketamine and thiopental produced similar
changes in compensatory cardiovascular responses to hemorrhage. Systemic
vascular resistance was lower In Groups K and T than In Group O. Neither
agent chuanged right- or lett-sided cardiac filling pressures. Although
ketamine and thiopental significantly decreased heart rate, the resulting

rates did not differ significantly from the rate for Group 0. Because neither
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activity was higher in Group K thin in Group T, but the wtrivity in thesoe

groups was not different trom Group U. For Groups X and T, SVR did not difter
from =ach other, bot was less than that for Group 0. Baroreflex tunction
partially recovered, but remained similarly depressed in Groups K and T.

Right- and lett-sided cardiac tilling pressures and heart rate remained
similar, and cardiac output no longer differed among groups. Also, the
resultant mean systemic arterial pressure was similar for Groups T and K; both
were less than that for Group 0.

Oxygen consumption did not difter among groups, but whole-blood lac:zate
conceatration continued to rise and base-excess continued to fall

significantly only in Group X (P < U.U5).
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The cardiovascular effects produced by induction or anestie i wi
i k

ketanine during hypovolemia differ from those seen during aormovole=is.  Hiars

rate, mean systemic blood pressure, and cardiac output increase Wi o 0
R 19 21-73

s PN . . / 4 L -

is administered to normovolemic animals*’' ™ <" or nan 4,2 L. clate .

these variables decrease during hypovolemia. In our study hetasmis
thiopental produced identical cardiovascular changes initially. al:
these two anesthetics affected plasmae cuatecholamine concentuvation.
activity differently, both similarly deteriorated the animal's abilicy 1o

compensate for hemorrhage and decreased SVR, cardiac output, and Bia. oo

anesthetics seriously depressed baroreflex function. Thiopental has b.oen
reported to depress the baroreceptor reriex in mAnjg and dogsao. Our
experimental design did not permit us to delincate which portioa(s) ot the
reflex were depressed.

Thirty minutes after induction, hypovolemic animals who had received
ketamine for induction became progressively more acidotic, while those who had
received thiopental or no anesthetic did not.

In our present experiments, administration of ketamine further increased
circulating catecholamine concentrations above the already elevated levels
caused by the sympathetic response to hypovolemia. Thus, one portion of our
hypothesis is not supported. In swine, the sympathetic response to 30%
hemorrhage was not maximal; further sympathetic response was possible. The

concomitant increase in plasma renin activity after adniniscration of ketamine

’
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41-43

nay be a Ednction of increased sympathetic activity, other circulating
substnnrus,hl or a scparate action of ketamine. The progressive iacti:
acidosis 30 min after induction, seen only in the ketamine groun, may be a
result of increased oxygen demand caused by increased sympathetic activity
without concomitantly increased blood flow. Despite the increase in
catecholamine concentrations and reunin activity, SVR, BPa, and cardiac outpu:
decreased. This failure of massively increased levels of circulating
catecholamines to maintain BPa1, SVR, and cardiac output implies that ketamine
has a powerful opposing depressant effect, or that the maximal response to
stimulation had been achieved. Ketamine has been shown to be a direct

18,44~47

myocardial depressant, not to cause coutraction of rabbit aortic

erips,Ab and to relax phenylephrine-induced contracted rabbit aortic
stripsAB. Sim’ "arly, thiopental depresses the myovurdium[‘9 and peripheral
vasculature.so In our experiments, both anesthetics decreased SVR. The fall
in stroke volume Index at a time when left ventricular preload increased, seen
after administration of both drugs, tends to indicate myocardial depression.
However, since heart rate, afterload, and myocardial compliance were not
controlled, no conclusion can be drawn.

Alternatively, the increase in circulating catecholamines in the animals
given ketamine could have been a response to the hypotension produced by the
drug. This would imply that thiopental blocked a similar response in the
animals {n Group T. Our experimental data can not differentiate between these
proposed mechan{sms. Nevertheless, our data do support the second part of our
hypothesis: that further sympathetic stimulation during induction of

anesthes{a during hypovolemia 1{s no* beneficial.
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Sceveral aspects of our methodelogy should be discussed.  Our animals were
not “trained”; theretfore, data obtained in the absence o! anesthesia may not
be equivalent to data for "resting” animals. Nevertheless, cardiovascular
data we obtained for the unmedicated, normovolemic state fall within the range

R . v ; p 37,51-58 . .
of values reported by other investigators. Furtheraore, hypovolemic
and/or traumatized humans are not in a “resting” state. The few limited
reports of hemorrhage in unmedicated swine have shown an arterial blood
51,53,59

pressure response similar to that of our animals. Because detiiled

cardiovascular response of unmedicated swinc.tu hemorrhayge has not been
reported, we cannot compare some of our results with those of other
investigators.

The question of whether animal data can be applied to man is always
relevant. All cardiovascular and metabolic responses to hemorrhage in our
swine are consistent with what is known for man. Although the dog has been
the species most frequently used to study hemorrhage, its response and that of

60,61

the rat differ in important ways from that of man. In these species,

contraction of the hepatic sphincter causes splanchnic engorgement and a

60,61

number of sequelae not seen in man. The response of the gastrointestinal
. . . R ) 62
tract of swine in shock resembles that of man.

Because we did not conduct a dose-response study, we cannot address the
question of whether other doses of ketamine or thiopental could have produced
different effects during hypovolemia. However, the minimal anesthetic dose
required during normovolemia was determined for both agenis and individually

for cach animal. This dose was then reduced in accordance with our findings

that hypovolemia similarly reduces the anesthetic requirement for thiopental
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and ketamine. Swaller doses would not bave been anesthetic, and other
cardiovdascular respouses could have occurred.

Our data do not demonstrate a beneficial effect from using ketamine
during hypovolemia. Studies reporting satisfactory use of ketamine for
patients in "hemorrhagic shock” have had some shortcomings: the concomitant
use of other drugs; and/or the failure to substantiate major blood volume
deficit, to indicate the dose of ketamine administered, or to document
cardiovascular responses at specific time jnLervnls.la-Lb

The literature concueruing the use of thioepental for induction of
anesthesia during hypovolemia is also anccdotal. In World War II, the drug
was used in doses of at least 500 to 1,000 mg-. Patients breathed
spontaneously; and in many cases, inspired oxygen concentration was 21%. It
is not surprising that the result was sometimes catastrophic. Ketamine was
fatroduced 30 years later, after use of controlled ventilation and high
inspired concentrations of oxygen had become routine, aund after
anesthesiologists had become more skilled at recognizing and treating
hypovolemia. These improvements alone would have improved outcome.

If anesthesia must be induced in a hypovolemic patient, ketamine 0.5
mg/kg iv is often administercd. Sometimes the result is satistactory;
occasionally scvere cardiovascular depression results. Because many other
events occur almost simultaneously (endotracheal intubation, positive-pressure
ventilation, skin incision and rapid initiatton of surgery, continued fluid
infusion), the outcome does not reflect the effects of the anesthetic agoent

alone.
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Our data indicate that moderate hvpovolemia does not produce a4 maximal

increase in circulating catecholamines. Administration of ketamine, but not
thiopental, causes a further increase. However, the increased plasna

concentrations do not further stinmulate the circulation, because they are
above the maximal possible effective concentrations, or because their effect
is overwhelmed by the depressant qualities of ketamine, or both.
Administering ketamine for {induction or anesthesia during hypovolenmii 2id not
offer any advantages over thiopental when both were used at the minimal
ancsthetic d:se. The clinician should note Ehnt an anesthetic agent is not a
substitute for adequate restoration of blood volume and venous return; and

when an anesthetic must be administered during signiticant hypovolemia,

cardiovascular depression should be expected.
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RITAMINE OR THIOPINTAL INCUCTION JURING HYROVILEMIA
SR . T - c e B L I [ERTR A <
Tatle 1. Response 27 Swine s TLT nlcot Lins during Normovolenit zng Hvpoveolenin
Normsvaleand vrsvlemin ?

Mean right atrial pressure {mmi.) 1.2« 5un ~0.% + 0.3 3.0
PP (mmHg) 2.5 e 0.2 0.2 + 0.2 €5,501
Renin activity (ng/ml) Sotow JUE §.2 + 1.7 <0,005
Plasma epinephrine (pz/=l) 21 4 5 T e 187 PEINshLS
Plasma rorepinephrine (pg/ml) BRI k7 o+ 6F <2.02

Heart rate fbeats/min) T2 e " T+ M <D.CN
Stroke volume (ml/xg) LTT o+ 0L3T C.2% + 0.72 <2.001
Cardiac output (ml/min/xe) I l 112 4+ £ <2.001
BPa (mmHg) 129 + 3 100 + © <0.001

PAP (zmHg) 13.4 + C.5 3.4 + 0.5 <C.001

Oxygen consumption (wl On/min/kg)

-1
r
-3
1+
[
N
[og]
-J
O
=g
I+
o
N
"
3

<0.02

Base excess (mmol/l) 5.7 + 0.6 3.3 + 0.6 <0.01
Lactate concentration (mmol/l) 1.10 + 0.13 1.65 + 0.25 <0.0%

SVR (mmig/l/min) 37.3 2 1.1 Ls.2 2.3 <0.005

1+

PVR (mmHg/l/min) 3.05 + Q.14 4.18 &+ 0.21 <0.001

Values are means + SE; n = 21,
PWP, pulmonary arterial wedge pressure; BPa, mean systemic arterial blood
pressure; PAP, mean pulmonary arterial blcod pressure; SVR, systemic vascular

resistance; and PVR, pulmonary vascular resistianue.
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FIGURE LEGEXNU

Fig. 1. Baroreceptor reflex tunction in awiarke normovolemic and
hypovolenic swine (open symbols), and after adainistration (closed symbuls),
ol ketamine, thiopental, or no anesthetic.  Data are mean values for sceven

swine.
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