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ISummar y

Ihi s rese a rch a t tend(s to unoc t req ( I r~mt S f 0 s Ih pjY s inio I oii I mana, -

nent of moderately and Severely WOUnII!1d soldiers, til'r ehy ka) irnpco log tho

re turn-to-duty rate of the orbhi t- ir irei, ( b) I( ilicing 1;orhbI d ity YI! m~oI t., I-

ivL of thle comba t-in jure d, and ( c ) rilu i lg rt, % ii! ,, p rimar ilIy ri., ti r i a I I T1 !

l ogisIt ic al s up po rt) u tIiiz a t ion 1)), A rIny m-lica I I I faAi I tie ,. 'Ihei
research examines the interaction )fI ni:;tb h t .1(001. i iippts )ro p r iati fir Ise in
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rliage the phys iolIori , I I riii-c l~ .I t ,I] tn hlt V ti, d i ffe ni-ocets ii ilii(
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ha bothane, thiopental id ket imino for iniI in I uot i i diii ing the
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hemorrhage, and the in terac ti on of dnes t he t i, igenits wi th Iemorrhaigi-. W, have

characterized the awake sw ine cc sponse to ieti, r hagi- , and Ic fin,'! t le , o

blood acid-base chemistry. During hIvpovolcr:ia, induction of .- n,-sthcsi-i widi,
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diovascular compensation for mode ri to hemorrlig, . jeiluc Hans in] sys teIi vas

cular resistance, mean blood pressure, and airdi-ai output an- 110 1!;It foci-tip
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pacrison with) those in whori ane athesia i, ln .. I with 1~-taminie. lit!. iji Ii

also further exagg erate the lactic acidosis wien with hemrriagi,) . A it~ri-
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5jV(' lactic- acidosis on, h It hor aft tr inoin tion si-elri in keaiiniolii-1i

auliia H, b)ui nit ill il-ilte t I dii-! oii~:1 I k Iii- huu tha iilaI' tinl It

alnesthesia ill hyiicol-oii i onu iti wi th 1,ettficl dn n.- riot offl r- anyiemm
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three inhalation agents arc quite similar, as a]- I e I m.etahiol ic seq(uc lac , ini!
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anesthetic requirement of ko tamine arid th i open ta1 Iiqul va len tIy , a iprox ima tocly

35-40%. We have determined the minimal alveolar atmsthfticuotcciitration

(MAC) in swine for halothane (1.25%) and nitrous oxid I(I27 7",.

The prodtucts of this project are important anl meainingfuli data uoi! ru nip-

menda ti ons to he provided USAIIRDC, AHlS, and iiit imiiti I y the, use r- -t lII ane SthI--

ti st in a combat ene ironnent- -regard ing the use (potential advati tagi s .ini!

dhisadvan tages) of anesthetic agents; for acutely itijitd so Ii! frs.

PiMOLUING l,,A IiLAM40~ 1 Fl'ikD
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4. FOREWARD

In conducting the research described in this report, the investigatoradhered to the "Guide for Laboratory Animal Facilities and Care" as promul-gated by the Committee on the Guide for Laboratory Animal Resources, NationalAcademy of Sciences-National Research Council.
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7. Body of Report

A. Lackground:

1. Overall Objectives:

The long-term objectives of this research project are to improve the phy-
-iological manaigement of moderately and severely injured soldiers, and thereby
(,: improve the return-to-duty rate of the combat-injured, and (b) reduce mor-

hi itv and mortality of the combat-injured. Certain portions of the project
:1-o tocus on attec:pts 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
far use in a coba,,t environment, with hemorrhage. In doing so, we also

2tto: pt a defin, the physiological processes that contribute to the differ-
'. a:long ? nestheti a;ents during hemorrhade and the differences between

the physiological eftects of anesthetics during normovolemia and during hypo-
vo ,Loa. It is hoped that improved manageoent will result from such an under-
stand i:g.

2. Introduction:

Further advances for forward resuscitation and in management 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 patitophysiology.

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 knoiledge 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 deciaions for the proper
care of his patient, must have the knowledge 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 exchange, the
anesthesiologist must also be concerned with optimizing cardiovascular func-

tion and selecting agents 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 for
aerobic metabolism.
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All anesthetic Agents have profound influence on all the variables listed
above. Halothane, fluroxene, diethyl ether, and cyclopropane, in normal,
healthy, yoijng male hum.an volunteers, all elevate mean right atrial pressure,
increase skin blood flow and decrease oxygen consumption and base excess (3-

ll). 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 cyclopropane 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 duria; spontaneous ventilation results in increased PaC0 2 ,
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-stimulation" in response to elevated arterial PCO concentra-
tions. When ventilation is controlled so that PCU 2 is normal, cardiac output
decreases in comparison with the awake state.

Isoflurane, a relatively new inhalational agent, which has been released
recently by the FDA for noninvestigational use, has been shown in unpremedi-
cated, healthy young male volunteers to preserve cardiac output unchanged,
decrease stroke volume, arterial pressure, peripheral resistance, VO 2 and
left-ventricular work, while increasing right atrial pressure and Q/Vo 2 during
constant PaCO), maintained by controlled ventilation (14). During spontaneoLs
ventilation, cardiac output and heart rate rise further as a result of rise in
PaCO2, despite the blunting of the cardiovascular response to C0 2 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% N20 would
be required to produce anesthesia. Nevertheless, N20 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 N2 0, 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 N20, e.g., type of ventilation,
prior administration of drugs, background anesthetic agent, duration of
administration of N 0 prior to measurement, patient age, and patient physical
status. Smith et ai (16) also suggested (without supporting evidence or - ta-
tion of any references) that the "extent of ... trauma or blood loss" pro aoly
influences the cardiovascular action of N 0. When added to halothane, N2 0
appears to result in cardiovascular stimuiation 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~2
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 N20 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 isofiurarne (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 frequenily

noted in man (28,29) and in dogs (30).

Cardiovascular stimulation in man by the addition of N 20 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 (12). Recent work has demonstrated a direct decrease in
mvocardial contractile force by 50Y, NI (34). This is not as great a reduc-

tion as caused by an equipotent anest tetic concentration of halothane (34,35).

in in vivo studies, the stimulation of sympathetic nervous activity by N 2 0
would tend to antagonize the direct myocardial depression (36,37).

Despite the stimulation seen, it appears that 'N 0 does not enhance the
overall margin of safety of inhalation anesthetic agents with respect to the

amount of agent required to produce respiratory or cardiac arrest (38).
Nevertheless, N., continCs to be used ubiquitously unless the patient physio-

logically requiles very high concentrations of inspired oxygen.

The stimulatory response requires a system capable of providing a rela-

tively intact syMpathetic 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 anesth tics became popular. With the entry of the U.S. into World

War 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 becon 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 1940"s. 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

hemodynamic 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 tor
use in hypovolemic shock (53). In doses of 2 mg/kg IV, given to fit patients

without premedication, ketanine has been shown to increase heart rate 36%,

systolic blood pressure al%, diastolic blood pressure 40%, mean arterial pres-

sure 40%, cardiac output 57%, and stroke volume 22% (54,55). This effect is

probably mediated throug:h vagolytic activity through baroreceptor blockade
(56-58) and central adrenergic stimulation with peripheral alpha effect
(5t,959-62). Low doses (1-2 mg/kg IV) result in a variable positive inotropic

effect (63,64), whereas high doses are negatively inotropic (65-b7). 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).



Premedication with atropine attenuates the cardiovascular response to ketamint
(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-

tensive 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 atropine 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,
9 2
j. Theye et al (81) 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 nor-

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 war 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
herorrhage except for minute work at 30% blood loss. This was reflected in
totaL body oxygen consumption being highest with ketamine at 0-20% blood loss.
oxygen 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 2 among the anesthetic
agents. Although the cardiovascular stimulation caused by carbon dioxide
(15,82) is blunted by anesthetic agents (15,18,63,84), the varying levels of
CO2 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 sone 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 intention-
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). The 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 anesthetic agents and cardiovascular control mechanisms and
effects during significant hypovolemia.
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B. Approach:

I. 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 50% 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 touinvestigate renal 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 (ill). 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 PC0 2 at 40 torr.

Inspired partial pressure of oxygen (PIO 2 ) is adjusted to maintain par-
tial pressure of oxygen in arterial blood (Pa0 2 ) at approximately 150 torr.
The balance of inspired gas is nitrogen. End-tidal partial pressures of 02,

C02 , N2 , N20, 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 (121). 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 + I Co 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 370

C. Oxygen concentration is measured by an electrolytic cell (Lex-0 2-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 00 C 0.9% saline through the pulmonary arterial catheter,
and using an analog computer (Edwards Laboratories Model 9520A). Electrocar-

diogram is constantly 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
C _0 2) , oxygen transport, and ratio 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 I 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, 0.50% 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 anesthetic 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 (nornovoLemic) resting quietly in a sling, the amount of intravenous
agent required to produce loss of lid and corneal reflexes and loss 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, PAPw, 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 measurements 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
compariron of data obtained during the course of experimentation within the
control 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-

i3try.

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 PCO
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; cich 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/mi 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 (162) 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 pi 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 ,ien 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% CO2 in 02; the
other member of the pair was similarly equilibrated with a gas mixture of
9.60% CO2 in 02. 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 CO2 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 DBV-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). Electrode 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 + 0.001 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 CO2 electrode (Radiometer E5036) in
a steel-and-glass cuvet (Radiometer D616) thermostatically controlled at
38.8

0
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 PCO 2
close to that expected for the blood sample was taken before and after each
blood sample reading. Blood CO2 tensions were systematically measured to
ensure equili- bration of blood with CO2. Mean (+ SD) difference between
measured and ex- pected blood PCO (calculated without regard to sign) was
0.88 + 0.27 torr at PCO2 of 67.9 torr. Readings for pH and PCO 2 were
corrected for electrode drift.

Preparation and Standardization of Acid and Base Solutions

A 1.0 N solution of Na 2CO3 (100-, certified alkalimetric standard,
Fischer Scientific Co.) was prepared and used to standardize, by titration,
what w determined to be a stock solution of 1.01 N HCI. The 1.01 N HCI was
used as a titrant for a stock solution of what we determined to be 1.03 N
NaHC0 3. 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 P C02 for blood samples at each base excess (0 to 20 mEq/l of acid or base
added). However, since the base excess of the blood 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 CO 2 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 PCO2 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 .!5ed 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 (170) to fit the model:

pH = (CI+C 2 *BE+C 3*BE
2
+C 4 *BE3+C 5 *BE

4
)*Iog PCO 2+

C6+C 7*BE+Cs*BE
2
+C9 BE

3
+CI 0 *BE

4

This model has the following properties: a) for any given BE the rela-

tionship between pH and log PCO 2 is linear; b) the slope and intercept of this
relationship may vary non-linearly with BE; and c) for each concen- tration of
hemoglobin, the calculated coefficients define a model that fits the data with
high statistical significance (R

2 
> 0.99).

i / b ,-
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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 PCO of 40.0 torr, Orr et al. (171) in six awake•2 . . .
chronically'catheterized swine. These investigators measured Pa- 0 2 as 38 torr

and pHa as 7.43 (BE less than I mmol/l). This seemed sufficiently close to
the human standard of PC0 2 of 40 torr and pH of 7.40 to retain these values
for BE = 0 for the purpose of nomogram construction. This "normalization" was
accomplished by solving each derived regression for BE at pH = 7.4 and PCO =

40 torr using the Jenkins-Traub three-stage algorithm (172). The result,
BEerror, 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 BEerror. 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 PCO 2 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 PCO, that are independent of hemoglobin concentration. There-
fore, for each leveI of BE, the three lines calculated above should intersect

at a single point. Brodda (173) has calculated that this can only oc-ir 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. Scveral 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 P CO2 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 (pHind, log PC02ind) be the Hb-independent point.

Let mi and bi, 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 i log PCO 2 + bi). Solve the following set of equations for pHind
and log

dX

- 0

d(PHind)

where X = (pHl - pHind)
2 

+ (pH 2 - PHind)
2 

+ (pH 3 - pHind)
2

dY = 0

d(log PcO2in d )d ( log d
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where Y = (log PC21 - log PcO2ind )2 +

(log PCo22 log PC0 2 )
2 +

(log PC023 - log , )2

phi  mi log PCO2  d + bi

for i 1,2,3

PHin d - b i

log Pco21 =

m
i

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 (174).

"Mean" Pig

For each pig, the previously derived regression equations (one for each
concentration of hemoglobin) were used to calculate pH values at each standard

Pco,, at each standard base excess. The resulting four pH values (one per
pig

3 
at each PCu) BE and concentration of hemoglobin were averaged, thus pro-

ducing a set of Lata 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 thiopental, 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 normovolemia, the data do not exist for the hypovolemic state.
If hycovolemia 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 hypovolemic 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 P02, PC0 2, and pH measured by
appropriate electrodes. Arterial blood 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 1-2 I/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 IV. 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 #G. 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 restored prior to sur-
gery.

Statistical Treatment of Data: Responses to clamp on the tail were
analyzed statistically using the method of Waud (131). In 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 each animal. 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 alveolar 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 MAC 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 differs 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 + 1.1 kg, mean ± S.E.; age
approximately 10 weeks) were anesthetized, in random order, with either
halothane in 30% oxygen, balan , nitrogen, or with iOalothane, 70% nitrous
oxide and 30% oxygen. The trachea was intubated, and the animal allowed to
breathe spontaneously 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 NGAIIOCAB) 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 w.iited 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 animalfs 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 0.05% halothane from the concentration at which the animal did not
move.

When N20 was used, its end-tidal concentration was held constant at 70%
(70.14 + 0.05%, mean + S.E.). The MAC for N20 was determined by difference,

in each animal, and the results averaged. To determine the individual MAC for
N20, the concentration of N20 was multiplied by the inverse of the fraction of

a MAC for halothane which the N20 contributed for each animal:

it (IA-N

where MN is the MAC for nitrous oxide, in %; MH is th, MAC for halothane, in

%; M.m is the MAC for halothane, in %, in the presence of nitrous oxide at a
concentration of CN. In this manner, MAC was determined for each animal, and
the results averaged.
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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 sealed flask of known volume. The calibration tank of N2u was
commercially produced and calibrated (Liquid Carbonics); we further checked

it against the mass spectrometer calibrated with 100% N20.

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-
vo lemia.

The purpose of this experiment is to test the hypothesis that nitrous

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 280%, the depth of anesthesia in
those animals given nitrous oxide in study #1, 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),

cxc pt tor the groups of anesthetic agents:

Group I: Nitrous oxide, 70%

Group !I: Halothane, 0.31%

these concentrations of anesthetic agents are equivalent, i.e. 25% MAC.

rhu datt irom this experiment will show the comparative cardiovascular
influence of nitrous oxide with halothane when used for induction of

anesthesia durig significant hypovolenia. These results will allow us to pro-
vide recommenda tions 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 USAMPDS recommend to the appropriate agency
that it consider the cessation of supplying nitrous oxide to battlefield
facilities, (supplying N20 to battlefield facilities represents a large

logistical hurden).
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C. Results:

I. Awake Hemorrhage:

We have successfully established the awake hemorrhagic swine model in our

laboratory. Loss of 30% 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 24%, and mean pul-
monary arterial pressure, 29%. 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 Isoflurane During Induction of Anesthedsia During Moderate Hypovolemia:

The experimentation; biochemical, enzymatic, and hormonal assays; and data
analyses have been completed. These are being reported in an abstract (134)
and two manuscripts (see addendum B5, and appendices I and 2).

a. Induction of anesthesia with ketamine or thiopental (see 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 (0.95±0.12 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 in 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 groups. 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 any variable.
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All animals survived 24 hours, at which time they were killed.

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

There were no differences among the four groups in the normovolemic or in
the hypovolenic 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 31%.

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.

- - -_ -- ,- - -A- - -
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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.



29

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

This study has been completed 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 < 0.01); (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; PC02 , 41.9 ± 1.5 torr; and pH, 7.323 ± 0.11. Mean (± S )
arterial blood pressure was 92 + 3 torr after hemorrhage, 69 ± 9 torr after
administration of ketamine, and 68 + 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.

M-AC for halothane in normovolemic swine was determined to be 1.25 + 0.04%
(mean I S.E.; range: 1.08 - 1.47%). MAC for N 2 was determined to be 277 +
15% kmean ± S.E.; range: 204 - 361%).

Temperature of the animals was 37.7 + 0.2
0
C; hematocrit was 35 + 0.7%.
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D. Discussion:

I. 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 (104-LL0, 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 hypovoiemia differ from those seen during normovolemia. Heart
rate, mean systemic blood pressure, and 6 5a ?i9 tput inS e eh ketamine
is administered to normovolemic animals ' or an . 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-
peiLsation 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 out 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 admin'tj tiy37 of
ketamine may be a function 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 inadequacy of tissue perfusion. Huckabee proposed blood "excess lac-
tate" as a measure I W later Cain demonstratedlbNood 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
werebonesthetized with ketamine than with halothane, enflurane, or isoflu-
rane . Conversely, Longnecker et al. have reported higher excess lactate in
rats bled whij 1 31nesthetized with halothane than similar rats anesthetized
with ketamine . However, we have calculated that those rats anesthetized
with ketamine had a greater base-deficit (approximately II mmol/l) than those
anesthyzed with halothane (approximately 2.5 mmol/1). Recently, Longnecker
et al. reported higher PO in cremaster muscle of rats bled while anesthe-
tized with ketamine than in rats bled while anesthetized with halothane. 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 Po2differences 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.

In cthse experiments, despite the increase in catecolamine concentra-
tions and renin activity, SVR, BPa, and cardiac output decreased. This

failure of massively increased levels of circulating catecholamines to main-
tain Pa, 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 ahieve.Ketamine has been shown to be a direct myocardial de~L~s-

sant,6 4 not to cause contraction of rabbit aorti 4 trips,?4 nt

relax phenylephrine-induced contracd rabbit aortic strips . milarly,

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 response to the hypotension pro-
duced by the drug. This would imply that thiopental blocked a similar
response. Our 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
unmedicated, normovoliostteyT lythin 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 swine have 0shoy 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, 1 ts 4 sponse and that of the rat differ in important ways
from that of man. 1

'
' In these species, contraction of the hepatic

sphie[4 auses splanchnic engorgement and a number of sequelae not seen in

man. ' The responS 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 adm inised, or to document cardiovascular responses at specific

time intervals. 'I ,I 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
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is not surprising that the result was sometimes catastrophic. Ketamine was
introduced 30 years later, after use of controlled ventilation and high
inspired coucentrations 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 must 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 Aimost 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.

Adninistration of ketamine, but not thiopental, causes a further increase.
However, the increased plasma concentrations do not further stimulate the cir-
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. Ent Iluran, ha Lothan{e, and iso Ilurane.

A desirable property or any anesthetic agent used in the presence of
hypovolemia would Le to have .±nci.aI eifect on the compensatory mechanisms for
hemorrhage. During ncrrouo iemia, in healthy volunteers, halothane tends to
maintain systemic vascular ts ' tance £5,b) and isoflurane tends to maintain
cardiac output ilal5), 1 hcrelore, one night have thought that these agents
could be used preferentially in thu presence of hypovolemia. le have found
that halothane, enilurane, and isoflurane cause similar deterioration of car-
diovascular compensation ror hemorrhage when used to induce anesthesia during
hypovolemia. ihe administration ot even a reduced dose of these anesthetics
Lu.- lA}) caused a profound decrease in cardiac output, systemic vascular
resistance, and therefore, mean systemic blood pressure. The decrease in
stroke volume, without a change in heart rate or filling pressures implies
myocaruial Gepression, although arterlood and myocardial compliance were not
cuntrolled. In audition, the anesthetics prevented a ref lcx increase in heart
rati a(nd an increase in plasma catecholaiiines.

Although, the greatest blood lactate concentrations were seen with enflu-
rtall, ip lying the greatest :.-,isatching of oxygen supply and demand, the mag-
nitude at the lactate coneertraLions iriplies 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 halothante, enflurane, or isollurane anesthesia (o2).
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3. Swine blood acid-base chemistry.

Our mean curve and alignment nomograms for swine blood are different from
nomograms for human blood (168,174) and canine blood (161) (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, PCO2' hemoglobin concentration and base excess on
the Siggaard-Andersen alignment 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<0.001) 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 + 10% 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, iprividual 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 (175,17b), 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 nomogram 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, PCO2 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 CO2 titration curve
plots (pl vs. acid or base added) at each concentration of Hb; b) estimating

similar data for PCO 2 40 torr, assuming a linear relationship between log PC
0
2

and pH, followed by curve-fitting of the PCO 40 torr data as in a); c)
estimating the axis shift (acid or base addei) to align the PCO 2 40 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-Pco 2 curves, the ph at pre-selected levels of base
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 PCO2 curve nomogram for one set of blood pit and PCO- values,
and an empirical relationship between buffer base, hemoglobin conceniration
and base excess to estimate the required second pair of blood pH and PCO,
values. Because of our uncertainties regarding the specificity of the pF-iog

PCO? curve nomogram and the empirical relationship described above, we chose
to se 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 wzre 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 mf the computer prodcrams 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.o0C (normal body temperature for swine). Siggaard-Andersen correctly
stated that measurements performed at temperatures within + 2

0
C of 38

0
C (the

standard temperature of his nomogram) are "without any practically significant
error" (21). We temperature-corrected some of our pH and P2 data from
31.8°C to 38.0C, and then estimated base excess from our nomogram. All esti-
mates were within + 0.1 mmol/l of the true value. Similarly, using esta-
blished data for pK" solubility of CO2 in plasma (178), we determined that
change in calculated plasma hCO 3- between 38.0°C and 38.80C 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 +25 mEq/l: the range in which our
nomogram differs most from that of Siggaard-Andersen.
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w. Determination of anesthetic dose of ketamine or thiopental, in hypo-
volomic swine.

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

Many vtables 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 i, 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 1.1 + 0.1 mmol/l to 1.8 + 0.1 mmol/l).
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 tort 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 blood 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 regional or microregional (if we knew which
microregion) blood flow would be more helpful. Cullen and Eger related
decrease in MAC to decreased oxygen delivery5lo the brain, either from
decreased Pa023 or severe isovolemic anemia A decrease in MAC correlatesl5
well with the occurrence of central acidosis . Tanifuji and Eger found a
20% decrease in MAC for halothane in dogs made hypotensive to an arterial
blood pressure of 40-50 torr by a combination of trimethaphi 4 infusion, heal 5
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 a definitive study relating anesthetic requirement to
cerebral blood flow.

Hemorrhage increases sympathetic activity" and circulating catecholam-
ines in swine (see table I, 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 gf blood flow to that site relative to differ-
ences in blood concentration.lD6

157
Price 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 (lose 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 hemorfgged 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 perfused organs, such as brain. Five minutes after its administra-
tion, the concentrations of drug in the central pool and in the rapidly per-
fused ficera are less than 10% and 50% of their respective peak concentra-

tions; and 60 minutes after injectin, concentrations in both compartments
are less than 5% of their peak values. Peak brain drug concentration and
anesthetic effect ocur 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 hemodynamics 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 to
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.159

'
,160 Unfortunately, we did

rot 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 jfirous oxide is greater than that of man and most

often laboratory animals . Variability oQ5 anesthetic 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

I. 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 perfusion,
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 itsed when evaluating swine acid-
base balance.

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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F. Recommendations:

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

rhage.

2. The author should (and will) describe the findings thus far in the

appropriate medical/scientific literature.

3. 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, thiopental, enflurane,
halothane, and isoflurane during hypovolemic conditions.

4. 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).

5. Studies outlined 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.

- a a -
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9. Tables and Fi ures
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Legends for Tables and Figures

1. N=76.

Values are means + SE.

PW;P, pulmonary artery wedge pressure; BPa, mean systemic arterial blood

pressure; PAP, mean pulmonary artery pressure; SVR, systemic vascular
resistance; PVR, pulmonary vascular resistance.

2. N=7 per group.

Values are means + SE.

RAP, mean right atrial pressure; V 2 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.

3. 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 I.

Abbreviations and units as in tables 1 and 2.

4. Data for swine curve nomogram.

5. Mean acid base curve nomogram for swine. See text for derivation of

"mean" values for four swine and construction of nomogram.

6 Comparison of our "mean" data for swine (0---0) with Siggaard-Andersen's

data for humans Q ---LV and Scott Emuakpors data for canines (l---l).

7. Mean acid base alignment nomogram for swine. See text for derivation of
"mean" data and construction of nomogram.

8. Data are mean ± SE. N=4 per group. *Statistically different (p<O.05)
from normovolemic state).



54

Table 1: Awake Swine Response to 30% Hemorrhage

Normovolemia Hypovolemia P

Mean right atrial pressure (torr) 1.3+0.2 -0.2+0.2 <0.001

PWP (torr) 2.6+0.1 0.3+0.2 <0.001

Plasma renin activity (ng.ml- .hr
- 

) 2.7+0.3 8.7+1.1 <0.001

Plasma epinephrine (pg/ml) 265+23 737+65 <0.001

Plasma norepinephrine (pg/ml) 242+20 452+50 <0.001

Heart rate (beats/min) 113+3 157+6 <0.001

Stroke volume (ml/kg) 1.68+0.04 0.80+0.04 <0.001

Cardiac outi at (ml.min .kg
- ) 181+3 112+3 <0.001

BPa (torr) 130+2 98+3 <0.001

PAP (torr) 13.5+0.2 9.6+0.3 <0.001

Oxygen consumption (ml0 2 .min .kg
- ) 7.53+0.16 8.05+0.19 <0.002

Base-excess (mmol/1) 5.3+0.3 3.1+0.3 <0.001

Blood lactate (mmol/l) 1.1+0.1 1.8+0.1 <0.001

SVR (torr.l-.min) 35.3+0.7 43.8+1.4 <0.001

PVR (torr.1-l.min) 2.96+0.08 4.16+0.14 <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.



KFTAMINE .IHI'rENTAL INDUCTION DUFING HY?7' -71 , A
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No Statist. No

anesthetic Ketamine Thiopental intorpret. anesthetic

rAP ( :g -. 6 -1.2 7. 0.2 1'.. ns -0.4 0.7

PWP (rnng) . ,.4 .1 0.6 1.? 1.0 ns 0.2 0.11
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Table 3. Response of swine to induction of anesthesia with

enflurane, halothane, or isoflurane during 30% hypovolemia

Induction of Anesthesia

Awake 5 min 30 min

Hypovolemic C H E I C H E I

BPi 97 97 36 28 29 108 55 45 43

Q ill 118 67 65 61 124 88 86 91

HR 155 162 145 150 121 164 150 152 137

SVR 44 42 26 21 25 45 30 24 26

EPI 746 285 833 426 46, 534 712 383 332

NEPI .63 209 249 291 121 459 266 301 124

Renin 9.1 6.8 23 17 26 8.1 30 16 18

L Lactate +0.7 -0.0 +0.6 +1.4 +0.9 0 -0.1 -0.4 0
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Table ... Swine base-excess curve non, ugr

Coor li a t s Coordinates

Base excess pU P.: cs pH PCO

(meq/l) kU(i t tort 1i, (Units) (torr)

-20 . 7. 400 40.0

-19 7 i2 2 u .7+1 W. 412 40.6

-15 .178 26 . 2.s2- 41.0

-17 7.19, 22.9 3 7.436 41.4

-i 7206 2-7. 3 ,. 7.448 41.6

-15 7.223 25.2 +5 7.461 41.8

-14 7.236 2t.3 b 7.474 41.8

-13 7.249 27.5 7 7.488 41.8

-12 7. 262 283.6 8 7.502 41.6

-11 7.275 29.6 9 7.517 41.3

-10 7.287 30.9 +10 7.532 40.9

- 9 7.298 32.0 11 7.548 40.4

- 8 7.310 33.1 12 7.565 39.8

- 7 7.321 34.1 13 7.582 39.1

- 6 7.333 35.1 14 7.600 38.3

- 5 7.344 36.1 +15 7.618 37.4

- 4 4.355 37.0 16 7.637 36.4

- 3 7.366 37.9 17 7.657 35.3

- 2 7.377 38.6 18 7.678 34.2

- 1 7.389 39.4 19 7.700 33.0

+20 7.722 31.7
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BASE EXCESS
m mol L BLOOD OR PLASMA pH
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0 7.6 25
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Table 3. 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 17.500.72 10.31+0.60* 40+5

Thiopental 11.25-i.62 7.50-0.72* 33=5

Data are mean + ,E.

n = 4 per group

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

A. Protems

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.

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

3. The mass spectrometer required major repair with a down time of approximately
one month.

4. 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 EnfJlurane, Halothane, Isoflurane,
and Ketamine Anesthesia

Richard B. Weiskopf, MD,* Mary 1. Townsley, BAJt Kathryn K. Riordan, 13S4,
Karen Chadwick, BS,t Mark Baysinger, BS4 and Eileen Mahoney, BAt

WIKCR B ,TeiyNSLEY. M I , RIORDAN. K K . CHADWICK. K BAYSINGER. M . AND MAHONEY, E Compoarison of
c jrJj.couirY,-n~iry resrrnes to graded hiemorrhage during enflurane. halothane. ;sotlurane. and ketamine anestnesia
Anestyi Aratu 1981.60 481 -91

To assess :ni. influence of anesthetic agents during mild to moderate hemorrhage. the cardiopulmonary lund ~on of
ftve awi,e. .unmeclicate1 dtogs was compared with that during anesthesia with entlurane. halotnane, iscflu~ra e. and
ketimne Each dog wcas evaluated during anesthesia with each agent during normovolemia and after blood losses of
1 , 2 and 30 aefcre blood loss, in Comparison with the awake state. ketamine increased heart rate (1118t
ICO I 'eismn. awalke vs 168 ± 17) and cardiac output (5.3 ± 0.4 L min awake. vs 6.0 ±0 2). Haiotnane and

'so f urane did not alter these variables. Enflurane decreased mean arterial blood pressure (1 10 2 torr. awake. vs 72
- 3), c i-iac output (3 5 ± 0.1 L, min), and stroke volume (46 ± 4 ml. awake. vs 29 ±2) to a greater extent than did
the otner anesthetics Blood loss decreased rardiac output more with ketamnine than'with the inhalation anesthetics
(sc'ltamire, 0. 120 L, min 'percentage of blood loss ' halothane. 0.077: isoflurane. 0.071. enflurane. 0.058. determined
by hnasi-squares linear regression, 0-300o blood loss), so that after 30% hemorrhage cardiac output was essentially
the samne during f'aiotnane (2.45 t0 19 L,mie), isoflurane (2 33 0.19 L min), and ketamine (2.48 -_ 0 15 L min)
.inesthesia. Also, during hemorrhage, systemic vascular resistance increased Most With Ketamine, thus, after 30%,
Itood loss, mean arterial blood pressure wes highest with ketamine (ketarmne, 94 ± 7 torr. enflurane. 48 ± 5 torr;
haiothane. 81 -_4 torr, isoflurane. 58 ± 4 torr) Rate-pressure product and minute work were highest with ketamime
throughout hemorrhage, except for minute work alter 30%b blood loss These cardiovascular changes were reflected
in the measurements of metabolism. Total body oxygen consumption (Vi,) was highest with ketamine after 0

0
o to 

2 0
,

biood loss (e g.. after 01, blood loss ketamrine. 8.6 ± t1.2 mlt of 0., min kg; enflurane, 4.5 ± 0.5; halothane. 4.0 ±
0 3. isOtlurane, 4.9 ± 0 6) During blood loss. V-5 did not change with any inhalation anesthetic, but decreased with
ketamine 16.0 ± 0 5 ml of 0..,, win, Kg after 30 ' blood loss): this decrease was associated with an increase in arterial
blood lactate concentration aind base deficit (ketamine, BE - 8 0 - 0 5 meq L after 30% blood teas), suggesting that
oxygen demand was not met during hypovolemia with kefamine anesthesia In contrast, lack of change in blood
lactate. Dave deficit, or oxy,,,en consumnption during hemorrhage with the inhalation anesthetics suggests that oxygen
demand was satisfied when the dogs were bled during eel lurane, halothane, or isoflurane anesthesia.

Key Words: ACID-BASE EQUILIBRIUM. ANESTHETICS, Intravenous ketamine; ANESTHETICS. Volatile. enflurane,
halothane, isoflurane, HEMORRHAGE anesthetics, effects of. METABOLISM. lactate.
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irterial liood p re-ure ise iits''tigation .i taei-.-. III tinii'

,,ra did mCI es~ired heiorthage a, the I ndepeindent I or the stujdivs with in halation anest het iL the dg
niriahic wer %con in eited to a circle hbreat hing crcu itug

AithOUizh a rew limited studies ,if hemorrhage iatv 1 cutfedl tracheostoniv tube and a non-rebreathitig
used ass aki' huiiman vol uiteers I raid s1Inie st tjid i Rudolph valve. Animna l, received nto premnedi atiw
have tised aiak.rest rained an inial Is2r Miost Iii e- Aitest hesi a for the studies (if ha luthante, en flu rari )r
tga t ion s ase used anesthetized animaIs. These stuJ i -ot iira ne was iniduced with the agent to be -tu iid
10s usu1ally, used injectable anesthetic agents. resultiitg and was maintaiited at a constant end-tidlal ci~e
it s ar i ig anitesthetic depth d uring the coursi-ot the t ration ,it 1 00" halottha tie 2 50% enfi ura ne or I -Q'

iexperimitent W'hen an ittha latiin.i I an esthetic aigein t ot Iu ra ti The ain esthetics were a Iwa vs deli sered in
is as Used induction of anesthesi as i.ti.ials-1 at -)111- aitiisttiri, it iivgtn and nitrogen that Wa. ad iiste'd
riished %vitli at ittjectable ariethetic. or ,on.taiit end- toI ma Intd ta I 'a,I, clome ti o10 to rr.

t~dai soncentration.st not mtiiinnd resultmng int .r t t ju, si, eaith ite11. aitesthesa -. ina

unicertaiit depth ot anesthesit \lthen the nt1UCii t diiced titras-enousiv witht 5.0 tug, kg it ketarnue and

aitesthetic agents ,it bi'ntorcha1I' 11a- beent Inre-t; ws ntainitained L)\' a coitiiuous ittuion it ke~annt,
gated. tailuire to rernove the spieen' Ut the es pen toe'.- in the sutailist antoun t necessa iv to p revent gross
tal dogs (3-7) could haise ailoised unkiontrolled aiid moiveitent (mean ±t 5E, 0 25 -:0 03 trg, kg mini

utiquatitieid aiittran.tu-.On It as :niuh as 35' It vtoer the induction itt ,uiethesia carotid arid pu;-
the -heid blood Ii i ito isa ti\ arterial iatheters ,s,,vre Inserted pe rcuta -

On lv Theve it a i 1)o mpa red itt ai single stud c the nteousl\s aid the dog was placed itt the lett ;arera,
infl uen ce of thtree a nesthbet ic a nesthics (vCcl opro - deculhi tiis position.
pane.- ha lothante. and iso to rane) In . ardiov'asI kiia r For the awake studies., ani malIs were first an est he -
futtctiiit during, and the mtetaboli consequenc Ist, tried wvith thiopental, 70 nig/ kg; anesthesia i\cas
equivalent graded hentorrhage iii dogs Because they maintained with 70% N,) in 0., to allow for place-
used survival times as their end point, compat-ing the ment of catotid and pulnmonary arterial catheters No
effects of different anesthetics in the sante atiil wvas additional thiopetntal was administered, and NC w vas
not possible. Thev did not remove the spleens, nor disconttinued Aitimals were studied at least : hours
did they compare results during hemorrhage with after awuaketting. at which time resting Pai i, did not
those of awake, unnmedicated dlogs. differ front Pa-. -imeasured on another occasion be-

In the present report we have assessed, in hypo- fore admitnistration ot anesthetics or other drug,
solemic dogs in which spleens had been removed, the Vetttilatiotn wvas measured by using the rebreathing
beniefits and disadv'antages associated with the admin- bag~ :n the circle breathing systemn as a bag-in-a-box
stratmn of a nesthetics wvith di ffe-rintg effects on the conniected to a wedge spi rotteter mtrode I 570. % led -

svmpathetic system. Ketamiune, an anesthetic wvith Sciece Electronics, Inc). We contittuously measured
stimulant-like properties that is frequently recoin- P',, P-I ) and the partial pressure of halothane en-
mended for clinical use during hs'ptvoletnia, was flurane or isoflitratie at the trachetistomy tube orifice
compared wvith halothane, which likelv inhibits re- by mass spectroscopy (Perkin- Elmer. model MCA
lease and activity of catechola mirties (0, 10), and with I 100Al (I11) (Townblev MI. Brinks HA, Weirlkopt RB.
enflurane atid s~oflurarte. Measurement Of eiflUirarie arid isoflurane by mass

Methods and Materials spectrometry Abistracts of Sceeitific Papers, Annual
Meeting of the American Society of Anesthesiologists.

We removed the spleens from five healthy mongrel October 21-25. 1978. Chicago, Illinois. pp 289-00).
dogs (25 to 32 kg each), previously trained to lie Carotid and plmonaryV arterial pressures were meas-
quietly in the laboratory, and provided them with ured by transdlucers (Statham 23 Dbl. Mean systemic
chronic tracheostomies and exteriorized carotid arter- and pulmonary arterial pressures were derived by a
ies. A minimum of 2 weeks intervened between sur- Brush recorder preamplifier. Cardiac output was es-
gery and the studies. All animals were in good health timated using a thermodilution technique, a thermis-
for each study All dogs were studied (in random tor-tipped pulmonary arterial catheter (Edwards Lab-
order, separated byv a minimum of 2 weeks betwveen oratories), and an analog computer (Gould miodel
successive studies) awake tie with 1.15 MAC of the SP1425). Cardiac output measurentents were repeated
inhalation anesthetics or wvith at Contittuous infusion until twco successive measurements displayting satis-
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ia ctrv 11i'I lit Ciir'l el- da1re 1",it.re tha'i' 'i O utin g each con diion. ariterial blood ,ajtnple. were
Lmin Tht is A1 I-al'LL urred itihnin tis o or three obtained tor enzy~matic me'asurement ot wholte bloo.d

mea~urenwnt, I Ie10e phv- ''IgIit ,1 pa rameters and L the lau tate concentration, (101
patIi.il pre-tres ot the ir,u red ,a sv, andi va pr- Re-su is in the nr ovolen. c a nesth etized state
were rci'r-L"Id gr~fhipniall ( d rU-:i Mi, dI 

2
"o' iere compared with re-iiits In the awake condition

tth- arcl pok-g riphi and tInaint i- 111 V jew ettt - hnr analysis of va rianc e with rep. at ed nteasuires and
PL'skard. model fin \ N tape recoirder) 5vsteni. by stldertt's t-test for paired data. For each anestheti,
V3sI, t!iJ r Ilktaie' Was C aIcuIIateVd a, mecan systemic the influence of hemorrhage on the measured and
blood pres,;ure dfis i ded by a drd iat out put Pu itionta tv calcu lated variabhies ivs a-sec-ed by a nalysis of \-art -

vascular reistance %,a, calculated as the difference ance with repeated mneasures. Ciimpa-ison among
melii tneant pulmonary arterix pressure tl'API and anesthet agents, at normovolemnia and at each leve&

p1il Ii1.i rv a rtcr %\ edge pre -ui ivided by cardi a c fi hemitorrhage wsa .i-orrpht s1ihed by analysis of car-
ouitput Lett ventricular stroke work lLA*5Wj was iante wsith repeated nte.IjSUrei and by Newman-Keui-
ca icula ted is the product of mean systolic blood met hod If miulti ple cii mpa ri soii Data obtained in
ress ii e andi stroke Volumirie Left ventricuIa r mnt tute normiivolem ic, a nest h iized state after the return ot

work i LdVl0, was calculated as the Product of shed' blood were compared s-oth data obtained before
LVsStA and heart rate hemorrhage using the paire1(d 5tUdent's t-t.'r (20) Ir.

Crtatory and ve' lIatorvi vartable, were mea- d I all asesU , I< 0 05 is.o 10 'I ie red stat I .tica liv sign it -
iired during normivolemia and atter 10"o. 20':. and icant.
30' red uctitons ini the an mi,.l's; estimnated blood vol - As a control, all a it i iakI were anesthetized with
time 11 2 Each dog's ternperatlure, Measu red in the keta minc for a second timte, thi' sa me induction aitd
pit imon arv arterial hilood. ias ma intainted iithin I C mai ntena nce dcoses were LI1ied. Al though no hemcir-
ot its itnitial value hy the use of circulating wvater rhage was instituted, all other procedure, and incas-

* heating pad, urements were the same as in the first ketanitte
5succcsuve 10", reductions itn blood volume were experiment, including the times at wvhich me~asure-

accomplished by drawitng blood through the cariotid ments were performed. Statistical analy,;is of these
* ,rterti cannula over a period of approximately 10 data did not indicate significant change itt .nv meat-

msinutes. The blooid was collected into sterile, b0oo-ml ured variable with time during ketamine anesthesia
transfer packs containing Iteparin, so that the final

concentration was 3 units of heparin per milliliter iof Results
blood. At least 10 ritinutes of stability was allowed

after each reductioni in blood volume before begin- Awake vs Anesthetized States (during
ning measurements at that level of oigemnia. Follow- Nrmvlia
ingz studies at 3V0%' blood loss, the collected blonod was
transfused thro~ugh a mil:rofilter (Pall SQ40SK Ultipor Mean (±S5E) Values for the five n'.rmovolemnic diogs
blood transfusion filter); 20 minutes later all measure- are presented in Table L.
ments were repeated and compared with values oh- All inhalation anesthetics decreased mean arterial
tained before hemorrhage, blood pressure IBPa), The increase in Bl'a observed

During each iof the experimental conditions, Pan, during ketamine anesthesia was not statistically sig-
and Pa,-r., were measured by Radiometer electrodes nificant. During nortoovolemia, BPa was higher with
in steel and glass cuvets; pH was measutred by a ketamine than with halothane. which was higher than
SeverighausULC electrode (13). All electrodes were with isoflurane, which was higher than with eniflur-
mtaintained at 37 C. Calibrating gases and buffers ane.
were measured before and after each blood sample Cardiac output (01 decreased with enflurane, in-
reading, the measurement was corrected for electrode creased with ketamine, and did not change with hal-
drift, liquid-gas factor (14, 15), and the dog's temper- othane or isoflurane. Duritig normovoerma, Q it
ature (Io) Oxygen concentrations of systemic arterial higher with ketamine than with all inhalation anes-
(Ca,.:) attd Pulmonary arterial (CO. 1.) blood were thetics, and significantly lower with enfiurane than
mecasured in duplicate by a galvantic cell instrument with all other agents.

fLex-O--Con-T1_, Lexington Instruments) (17). Base Only kotamine altered tincreased) heart rate. Lett
excess was estimated uising a modification of the ventricular stroke voluime decreased iinly with eniflur-
equations iif SeveringhaLIS (N)j ane. and during nitrmovolemia it was higher with
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TABLE 1

Comparison of Cardiorespiratory Responses of Five Dogs. Awake and Anesthetized, during Zero Blood Loss*

F,-i-l,,o ilzuncinrwaltr) 03 C 248:z 003 03)9:001 1 :301 NA
Bpi 1cr" 'Or 10 n ' 7' c 3 .1 34 :2 3' 833 z a' '24 0 6 6i

lrk t"?s 118) 14' 1 : 'n1117"-2- i163t538 125 555 167 6:''
QOw] n-n' 5 29:035 3 4 U014 480:0 18 50=20 5 97:D '
SV (ITO 45 6 :3 5 29 4 : 16' 41 8 ±2 6 40 1 = 0 7 37 5 4 9
LVSWI mq 5 31 :047 2 25:0 21 4 41 :037 34' :031- 492:0 66
LVMWI (q i min) 611 :37 263: 19' 506:30 421 =:27- 783:44
SVP (lzrr L mn) 21 2:18 210: 11 208 :05 168:1 8 208:1 4
PAP ltorr) 11 2 20 14 3:14 147:1 8 145: =4 140:1 6
PVP (forrLrm, o 1 09:t014 1 62:0 22 1 52:0 18 1 58:3 39 1 85:0 21
Cia-u) (,-.0 51 4 2 <029 38:0 35 2 2 :t017' 28:22' 4 2:O0
V (IO 0, in Kg) 7 7 3:048 4 46:0 52' 3 95:0 32' 4 92: 55S' B55:11;7
T (Ml 0Min kg) 32 7:2 4 20 1:16 29)7:08 294:2 0' 368~ '2
TV, 4 26:0 28 465:0 43 7 76:0,52 6 14:0 49 4 58:053
Pa (lo,) 978: 38 109 8:37' 95 9:t10 107 9:52 '236:5 4
Pa Illcrr1 31 3 :1 5 49 3 2 28 42 0 t 2 2' 562 = 23-- 324
p~a 7243'3:C,01' 7"'908 7 i 336:±0010~ 7 230:=20 22 7416 035
BEl(meg Li -3 3:06 -2 0O -3 4:±11 -39:09 -39:0 '
Hotc() 8 31 :06 39 3:06' 38 7:±05 383:t',5 388:1 3
Lactate il&L) '39:0 14 0 3o:009 183:=0 28 086:=01!1I' 175:341
PAPeltorr) 5 5:17 8 7:14 7 1:22 7 6:m25 5 3:
APP)' 10) '689:1 1 1 0:03' 14 5:08 139:1 2 283:2 8'
V. (L Imp) 3 r': 0 5 5 8 k)3 5 , 1 3 14 5 1 1
t (bridles reel 30 :1 8 192 : 439 21 9 :2 '4 397 : 4 4
V8(L) 0 47 :004 0 32 a 003 0 37 : 025 038 0 06

.Values ire means : SE of five doris Abbiaicris used are UPa Ai arteriai blood Pressure HR 'nvd rate. C -a10i:,
'<tout 5V stroke volume. t'1SV ielI ventricular stroke worn. Lvt2VS.,It :yritrii~ular minute wo)rk. SVP syslem ic ascular resistance
PAP ime-n pulmonary arterial pressure, PVR pulmonary vascular resistance. 0)4-33 . arteri-venous crygeir concenlr~inon
difference V , total body Oxygen consvmpilonl T , , oxygen IrinsilorI. Pai . partial pressire of ->xygeen in arterial blood Pa
partial1 oressure of cii boy lem iea arterial blod. 01a iileiia blood PHi BE, base excess ol arterial blood H-! hematorrit. PAPu
pulmonar arterial wedge pressure. APP rate-presiif, product, V,, expired minute vntilation, t, rosoiratory trequenicy. V,, tidal
uolume. NA, not ,cpin.able Comparison of rnspdroses produced by each anesthetic separately with awae state 'p , 0 05. p<
0 01. p0- 000D5. and u -20031i For other sllilialiromation. see Tables 5Sand 6

eisl lrant' and halut ha ne than wsit h ketamn i and tis-uleria. vi~ as higher with ket amnte than with
entiiant' all three itnhalatiorn anesthetics. The ratio of sr\vgen

LVrS;sork dlecreased with isoflurane, and to, j transpotid to oxy gen consumed (Li \ii.) increased
greate'r O\xtent swith enfiririne. Ketamtine and 11a11i- with halirthaite and isoiflurane. but did not change
thaiie did not alter L\V 1 c r onsequently, LV -r,\ was with either ketanu iir enflurane. During normovr-
lotwer with eonilurane than with the three other anes- lemia.Fid r was higher with halothane thatn with
thetic agents §imilariv, L\'MW declined with enflur- all irther agents, and was higher with isoiflurane than
ane and inotlurane, but increai-d i with ketanine i5 4 with either enflutane or ketamine.
result of Mireased heart rate. v-onl, querlh duriitg None ot the anesthetics altered base excess. Blood
norm(vvirlrmia. LVsMViV was greater with ketarnine lactate concentrations decreased significantly with en-
than with the three tither anesthetics, whereas L'VMW flurane and isoflurane and did not change with halo-
was lower with enrlurane than with the three other thane and ketatniii-, There were no differences among
anesthetics, blood lactate concentrations for these anesthetic

None of the four agents; altered peripheral or piol- agents during ncrrnosrolernia.

moncy asclarresstacesirrmea punlitai ar Physiologic Sequelae of Hemorrhage
terial or pulmronary wedge pressures

Total body oxy~gen ciinnunlption ir)drecreased Cardiopulmonas- responses t. the rour anesthetic
with all three inhaiation anfesthetics and did not agents Oluting 10% 20'., and 30% blood loss are
change with ketansire Consequfently, during pn- shown in Tables 2, 3, and 4. respectively; statistical
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TABLE 2

Cardiorespratory Responses of Five Anesthetized Dogs during 10% Blood Loss

En 'lurie Halolhane Is .1ur-n , Kea r

Er"-h, al cncentrialon) 2 49 ± 004 1 00 001 1 72 0 02 NA
SPa (101) 69 6 ± 2 6 91 8 3 3 77 d 4 4 124 Q 5
HH (L-als rin) 117 4 ± 29 1046 5 3 120 2 2 7 177 8 ' 6

-4(L ri n; 292 -010 374_008 415=012 5'1 ±C33
S 2 (lO 23 8 - 04 360 1 1 7 34 6 = 1 3 29 - 3

LVSW (g . mo 1 74 t 007 3 51 0 28 2 36 0 23 3 86 05
LVMW ( X m, mm) 215 ± 15 362 ± 15 343 _ 26 672 ± 5_
SVR (torr L, min) 23 8 ± 0 7 24 6 ±1 1 18 7 ±09 24 7 2

PAP (lorr) 123 1 3 11 7 ± 1 9 11 9 1 0 11 6 - '9

PVR (torr L min) 1 94 0 33 1 47± 0 28 1 75± 0 26 1 82± 0 07
0a-v), (ml 0., dl) 4 4 048 3 4 ±014 3 7 0 37 60 0 7,

V (ml 0 mmn kg) 4 39 - 0 61 4 70 ± 012 5 40 ± 0 53 10 53 -1 2-
T ,(10 mm kg) 164 _+16 231 _+06 230 1 1 312 ±_3
T V 392±043 493±017 442_ 050 30 3 3

Pi 11otr1 1109 35 969 ± 34 101 4 ± 26 123 1 ±5

Pa ('orr) 45 2 1 I 8 42 4 t 2 1 54 5 ± 3 2 300 - 4

LHa 7 32" ± 0010 7 329 t 0012 7 230 ± 0027 7 401 0 0'32
BE (rneq L) .. 5 1 06 -39 1 C -49 ±06 -55±'
HOt) ) 8 3 - 06 37 1 ±0 9 36 4 1 0 37 8 ±

L icIlatt (mM L) -, 034 010 1 87± 0 24 088 ±014 2 57 3
PAP. (tor) 6 6 ± 1 6 6 3 - 1 6 5 2 2 1 5 i _

HIPP 0') 104 ±03 121 05 12 4 ±08 305-0
V, (L m-n) 5 1 04 5 1 0 6 4 7 ±09 15 0 ±

I (breaths min) 120 0 9 15 7 ± 3 9 14 5 5 5 48 2 ±0 2

V. L) 0 4,3 ± 0 03 030 002 0 39 ± 005 0 34 _ 2 ,4

Values are means ± SE Abbreviahons are defined in footnote to Table 1 Fur statstical information see 
T
ables 5 at' 6

TABLE 3

Cardiorespiratory Responses of Five Anesthetized Dogs during 20% Blood Loss'

Erflurare Halolhane IsKllane Ketrn

End-idal concentraton (-) 2 52 ± 002 1 02 ± 001 1 69 t 002 NA

BPa (tort) 6t 8 ± 3 4 888 ± 28 690 ± 33 112 4 ± 7 9

HR (beats mn) 1196 ± 4 2 1138 ± 89 1208 - 4 3 190 2 27 0
6 (Lrmn) 238 ± 014 310 ± 0 14 3 52 ± 013 3 58 ±0 27

SV mi) 199 ± 1 1 278 ± 1 9 292 ± 1 2 202 ±30

LVSW (g . m) 1 31 ± 014 262 ± 025 2 13 ±013 2 61 0 51

LVMW (g x m/mn) 157 ± 18 290 ± 1I 256 ± 12 468 ± 90

SVR (torr/L/min) 262 ± 1 4 290 ± 1 9 198 ±1 4 326 = 23

PAP (Iorr) 106 ± 1 2 100 ± 1 4 92 15 92 2 1

PVR (torr/L/mm) 1 87 ± 031 2 36 ± 022 1 68 018 1 99± 0 82

C(a-,)o, (ml O,,/d) 5 9 ± 050 40 ± 0 34 4 2 ±0 21 6 4 048

V,, (ml O,/mn/kg) 4 74 ± 041 449 ± 0 22 5 22 ±t 0 44 805 1 41

T ) (ml O,./min/kg) 132 ± 1 5 18 4 ± 09 190 ±t 10 20 2 ±2 4

T,,,V,, 282 ± 031 4 15 ± 033 3 70 ± 025 269 0 24

Pao, (or) 104 2 ± 3 2 99 5 ± 63 1030 ± 2 9 1188± 7 2

PaCrl (torr) 43 4 ± 1 5 429 ± 2 3 567 ± 3 . 32 2 ±1 3

pHa 7.340 ± 0011 7321 ± 0013 7221 ± 0.332 7361 ±0011

BE (meq, L) -26 ± 05 -4 5 ± 09 -4 7 ± 08 -74 _ 08

Hct () 36 7 ± 1 2 36 4 ±1 0 363 ± 09 360 ±1 0

Lactale (mM/L) 043 ± 0 13 1 68 0 24 096 ± 0 12 2 76 0 66

PAPw (forr) 5.8 : 1.6 2 9 ±1 2 3 6 ± 1 8 6 ± 2 1
RPPI. 1') 96 ± 06 126 -04 11 4 t 06 294 ±5 7

V, (L mn) 61 ± 1 2 68 1 2 5 1 ± 1 0 121 23
f(brealhs/min) 167 ± 51 192 ±52 169 ± 63 368 59

V, L) 039 ± 004 033± 0 02 0 37 ± 005 033 0 19

Values are means ± SE Abbrevations are dehlned in footnote to Table I For slatlaslia informaton, see Tables 5 and 6
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TABLE 4

Cardrorespiratory Responses of Frse Anesthetized Dogs during 30%. Blood Loss

BpalIr 0-n'4- 810-3) 5P80 40 94 72

,: L -n) 
2

4f, j19 2 83±0 19 2 01 5

L 3W1-(';If) 01779'1 0') ) 21 148±0 10 17 G32

LVI 14If "'In ~) 8' ' ' '55 P06 'A 185 ±14 
2
v :0

SVR(to,, L "e 34 '3 2 21 0 24 38 l3 2

PAP (1-fr11) 76± 1 4 69±1 8 63 19
P.P (tofrL '-ir ) 3i$ 2 06 026 1 52 040 1 95 08

CWi-. 1f- 0i 5'' 9 am ±053 5 0±058 7 0 9
a 'II) 11t 4lf I1 4821 ±023 4889 0 f? $4

1 171 ir' 5 D 12 7 4 I

T V 25 2 2±2'A 2 92±028 2 40

P, )IC'fI 4 f000 7 1 102 3±52 11 06

P! 0 4') 42 4 ' 54 3 3.5 33 28

rE'1 34 -4 7 315 n0011 7 224 ±0,029 7e 03 j018

BE 1 "'±A LI -4 7 ±0 8 -; ' 7 06 -P v-
H !'() 3621Jz 360±' 7 3- 5 =09 . -05

L tIfIIl(-M L' , 1 79 ± 035 093:=0 17 3 46

PP. tcr-, 4$ ''1 2 6±12 3 1 1833a 5
RPPi.Ia0),0 1 1 90 6 9 6±0.6 2''2 3 5

VI L -inI 72 1'4 6 3 1 6 10 9 9
f (hn t"l in)1 24 4 -13a6 19 2±5'14 21 3±-85 33 4 6 2

V, (L 037±D005 0 39±-0 10 0 37±-005 035 0 04

Ve are n-, i s± SE Abbrevat~ns are detinnoi in lootflote to Table 1 For statistical information, see Tables S- and 6

ti-sm' 'It :!,' i'te ,Ii1'U hr-rnirrhage oin each vti-iable rhage, tissue oxygen extraction [at'terial-rixed venous
ari' ,1± n iFb;i 5o\\geti concentration difference, Cla-L-0 2j increased
I'rOgrer!s-e~ leiciirrhage dec rtased lert-ided filling with all agents. This compensation was adequate isith

p tesst lii'l10iA t arterial isedge pressurel with the inoha lation an esthetics but not with keta 11)ite

the inohalaion1s aii eq hoIits [rut not vs a h keta iine: oiS-gec' 0(Lii mito did not change ivith hocod
stroke %OLI doo' e Ca-ed vWit lIll agetst Flea rt rate withI the inhaliation aitesthetics.- but dec reasedisth
did not ha -ith h linirrhage %sithI an v anesthetic ket111ile Oxxgen transport de rt'ased vvith h enor -

igC1tt ii11II"uriN t decLreased prrigri-sis-ix vwith rhige with aill argents, ai, did To,/ V11

graded '4 4errill.r- is I il aget, is Sste lii vasci Ilir Base' deticit inc rv'ased with blood loss vvit h all
testatt n c-'\A KI ill, riaxed prtigressivelxs during agenlts except enfluratre. He orrhage did not change
graidrd l-niorrh , -igi h ill agents bitl iiiutficierttlv blood lictrate coticent rations with the inhalativin in-
to Fires-clt d i~ts i dec reasr' il) lSI'a -wvhich oc- est let ics, blooud lactate concent-atioris incrteased vsit h

turid with ail agent i t inl a rI v p1o ina cv vascular ht'imorrrhage with ketanmine -

ri-si ntr tic 111 1 'rsd duirinrg blood loiss witlh hal ofhaile No sent ilatorv-'teasu rement (ex pi red mi nui'tevn -
and eniuirane b'ut did tiot change wsithi ketamnine and tilation. etlaos frequt'tcv, vir tidal solut-.,
isotlurn MV11 [411'NI a i p Iilliia v a rte rialI press tire de'- changed wit h heito rrhage with a nx- ant~ethetli Hemo
creased prig rei's v wlx sit h hemnorrhage with eac h .in- attc ri t did not change during hemorrhage is-ith h ialo-

esthe'tic agent thane or keianiine, hut decreased slights- with CITn

As F3Ri decrns eased vsit hout alIteration in heart rate, Fl Ura it anrd i sot I'araneo
borth srovke w"'rk ainl minute work priogressivelv oprsnaogAetei gnso
decreaserd during graded hemorrhage with all .tnes- Phmpaoloni amonga An emeticageso
thei'trs. livvr rate pressure produci decreased hsiogc"qeaofHmrae
with the inhalition tiatesthetics vvith blood loss. but Staitistical analysis of (onpansirn aii'ig a"'thilit,
dt'cri'asi'd isith It'taitire onv at the 30"~ lest-I agetnts atl each level of hemorrhage is prt-i- teid ii

As Q priigrisies decreased iwith graded hemor- Table o.
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TABLE 5 0'5 - lo i and 1ial,'thane (2,453 A 0 I
Statistical Analysis ol Physiologic Seovelae ot Hemorrhage vi111 (ardiuiiiitpiit teintiurane was iv,, at ail
in Five Anesthetized Dogs* I' - til t'i ~ l 1i sil nvohr3e oi

Elli 'p H 0'i' -11h,- -, -' pe nudtion Is'r he,,dc, rca-v 1:1 Q by an) inlceasi'.7 ii S's

El-K 30 uJ I 3 000 0c o i ccuirred during hemoirrhage vsith all agcnv i ut to
HRP NS NS NS NA var-sing degries .\lth,.iigl then' iwire Pho 3 irerem.e-

3 ~~0 0 0 1301 0 00 in '-'K amoning agi sbt ehemorrhage airer 30'-
IV NS 0 001 0 00 1 i Oil0 bloo~d loss S\R t\eas grealest with ketammune. S VR wva'

LCSW 00311)1 3)001 0 01 0331i
I MV 0 00 1 )1 0 00' 0 1 0 0I'll greater with Ii a Itth are thtani with en flu rave. whi ch

, 0 0 1 O1 00) 0C)i Was greater than) iwith isoflUrane. With al agent;.
PAl' 0 00 1 stil 01 0W i ol pi'n'-at wit 5-sib i neorn pletc and (onscy uecitIv
PVFi 0 00 1 0S " HIa de( rca-ed pro'si- ivci s',s%1th graded a ligenP1i a At
Cl- 0 00 i I N031I all s's'i' of blood loss la was always greater with
V NO NSA S 0

T0 00 00'6 O 0001 ketiinii than w,!th halatha i' is h isas greater than
T03- Ci eli'1 000 C with s vilurav shh sac gre'ater than with entiur-

r Nt S W NA anC

clii NuS NA NS, NA S Duriiig normvovlcmia anld at all stages ori c--ded
BEi NA hIs Ns NS lod ass,, diffi-rence' in rntlan psdioinan- arterial

l- Ns j S press ii e or P'VRa o rre.d a mtiig the antCs! et is
t-_ 'iii rus IANA 0 01 agents At each stags' itl grded 1 psiolen a troke'

P0, 0301 D 05 0' NA work and minute wvork were least with enflurave-
HAP 0001 3 05 0'33' NS Rate-pressure product was3 greater with ketarine at

NAfi NA NA NS ccciv level of blond ,loss than with all inhalation
N 1A NA NA INS anesthetics.

V,- - c~j, y -te, -1t,,-orhag ha 3 lahh- Tissue oxygen extractiov at all levels of hvpoeole-
Va~-sseC~ii wh'ihi Ii ot er-a~hag hd 3513dm mia was least with halothane but did not differ 3nn

-m,ira .ait~i' ' e NAci - irl p is 00 ss A thvatin yie the other agents. Total body oss'gen consumription at
In"'- - l -r~

t
, i. Ti 1 nornlovolemria atnd at 1a'h and 20% blooid loss was

highier ssilh ketamnine than with the inhalation anes-
Al ,-.i es-el of o,li-r ., ler!t--:ded fill: 1-4 pressure thtics- at 30>i hi'morrhaze, I',, decreased sIgnifi-

iia- ':1 1 i is-ith iki-ta niinc than iith ha liiihave ishi( h cantl v %ith keta in inc. There was nil di ffe revnce in
'iii -1i- i- thanl Isith isOiluran, which Ill turn VII, arinting the agents after 30V, blood loss,

-i- i - -thi I Vith enti'Ki ae Stroke viiluim is-is Tiesi' diftirinsc iii ', were reflected in arterial
-i.- -- sr is!!h i liki: ; ii,! ki-taniine (no~ ignit hbliod lactale concentrations and calculated base ex-

-'m 01! in'- tisci' il theIt-i than isith istititrane, cesse Ili respon-e to hemorrhage, arterial blood lac-
in!' , m ii '-igiit ant fitti'renm i' belts 'en the late concentration inc reased only iwhen animals were

Irt)! li-s. iIt ,s1 cIisi 1,ke-1a111in0 aniesihetimcd wsi th ketain in e; after 30%i hemorrhage,
Ivan! %ist3l i-; 1.1I(Itiiiitltll sh'I ishith did vat blood lactate concentratison was higher during keta-

i~~i-1.niii'ligr im- -es- iit,,r 'r-ardi, ilutpiit at pnt'e anesthesia than during anesthesia with all other
X-i''-i i:,. i I ," 10 -,d I-s isis highist agenits. S.imilarly, bisi' d 'icit icreased with hemnor-

t5',iil11i w,! -- ,ti isithl '1101nine, thin' is-i rhagi' during ketamnine atnesthesia to a greater extent

n -i eii i-ni1-0i sii-ioIlni-w and hiliithane than wvith the inhalation .anesthetics. so that after 10%
I--srI is bi-' s ,1 - in, r, i-el Q de,' rl'tsi'd toI a blotid loss, base deficit was higher iith ketain n than

iti-i! tti-ni tth 1itiime0 1 -0 1 iini pert entage with halothatte and enflitrane After 20"' and 30%,L
ri-i-bil = 0'il

1
than sst lb os- ba--c deficit svas greater with ketanmine than iith

0- hm~t~n ai -, rfirt, j,, ht, inri' 00C711 ilra neC any of the inhalation anesthetics,
0 .'nil irari '''9 95 I tii: 11I- 'lia gi' ill hI ...i)d Because of their inrcomnplele ntuure. data from inwso

- t,' -i!- I 0os' 0' tht hts, r ,is ino ditli-rense addititinal animals have been omitted; these aninial5
.1 ' ' iii 'V ''V--i' nu ki'tiiiiini' 038 t died as a resutil il ketinine studies. During a keta-

- T~ ' trM I I-'i n 1< ' - I 1 I 1ill l andL mine experimient one animal dued froim priigressive

- ,n' -'ii - 0 !'' I I ri'm'i o'r ittci 10' No.I iicintrillah~li sperthi'rnia and tardiiisascuilar (oIl-

'I-i' ~ ~ ~ ~ ~ ,, -ci,'-9i '11111 'titiiai' Illisi Tn' iotheir dog died It, h -urs after tailing to
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TABLE 6

Slabskscat Consparison oft Ketansine l1K) Malothane (HI), Isotflurane (l), and Entllurane (E) at Normonolemia and at Each Level of
Hemorrhage in Five Dogs*

IC 20 3C

HiR K> I =E=H ------- ____

O K> I =H>E ------. K H.>E KHE
SV I =H>iK=E- -__ -

LVSW K=H> I>E H- ,E - -
LVMVV K ,H I ,E l__ I__ >---K= oE
SVR E=K=H-i I K=H-E> I -aH ,
P AP N S -_______ -------- - --

Ca-E K~ I > H-_______-___ _______ ____

V K~lh= I E ____--- = K= I H=E-
TK>H=I>E K-aH,'E-

TH> I E=K H I E K H I E K H- I -EK

p13  K E= I H---------------

Pa-I loE Hs -- K- - ____

rl-a K>HaEoa I K > HEo I K E H, I E -K H > I

BE E=H=K= I E>HI- K E,H= I >K
Hct NS-- - -- __ _ __

PAP,5  K=H I >E K >H Il> E -_ _ _

RPP K >f- =E --- --- - - - -

vrKsH=E= I------- -____________

V. N S---------- - ---

Abbinoiations are dletinedorn tootisote to Table1 NtS, so siiiratdteenamsong agents Agenrts listed 05 Clescei'Oisg Order

ot nsaqriaude. > n-icates ill agents to left of smbol are statistically (p < 0 05) greater than all agents to right- a b c > d idicates

a . C', and c are all greater than (i. a 5S greater than c, but not greater than b. nor is b greater than c, Similarly. a b C d indicates that

tire Cii lt ~iliqniticant ditterpncp is trot ais greater than c andO d a b = c df idicates that a is statistically greater than C and
d and 13,; "sitI~tiy qreater than 0I

reirr front a keaiti e rerimenl in which, after mitne in normovolemiC rats. Differences between the

30", hetttorhage () and BNa were lower and base two studies may be a result of differences in species
detic it was higher than during the comparable period and/or experimental protocol.
it the halothane experiment in the same doig. No In comparng these four anesthetics during nor-

deaths or coilshriiatlirns occurred dJilofg or alter ex- movolemia, only ketamine produced cardiovascular
perlitenl, with anyv inhalttion anesthetic, stimulation. Enflurane in equi-MAC concentration

produced greater cardiovascular depression than
Discussion either isoiflurane or halothane. All inhalation anes-

Ilt genlerial, tiie influence of a tstetI agents in our thetics decreased total body oxygen consumption. but

docgs wis jnutIir tii that observed bsy others in dogs oniy haloithaire and isoflurane reduced oxvgen de-

(10,D 21- 20) and in man (30-30) (Kopriva C-i Helihi- mand more than Oxygen supply.

dynminnir eftcts of intravenous ketamine in patient Comparison among Anesthetic Agents of
switIh olbona re a rtr'rv di isease A bst ras Iscf 1cienti ftC

V rhysiologi: SequeLae of Hemorrhage
Paper, Anl M ieetintg of thie A mrican hociel of
Aisesthesiolirgists t, tober IQ74 pp 233-41 No other The cardiovascular stimulation seen with ketamrine
studv his di rel cirmpared these tour anesthetic during nor vIOvoiCT1ia persisted during hemorrhage-
agent, it) thi',sane uunmals although NI h1er et al i401 At all i's-el s of blosod loss, left beant tilling pressure,

recinrl' Lotopired halirhite, enflUrane. and keta- her- rate and mevan artenial blood pressure vere
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Acid-base curve and alignment nomograms
for swine blood

IIALE HARRIS, AND) KAREN C'HADIWICK
D~epartmiient i,/ .4 luE5(ItIt-S1.'l chool o/ MElier tilt'. I'lilt vrEl. ol 'C((1/orna inNll l'rin, I,, o. 94110T:

(Ind Del )aIrtlii Ens o/ .lOigE' ll
1 li'Il tE/INE (Ind J.('te'rien Aiit In.stiltt v,/l/ 'SE'iilE

Pr'id'E 'l /all FEra llE..lfl kil? (E/l/oil En 9.1129

HUt~~iE HAREI)EE Ii . NMsRY 1, IEWNT.l-:Y. hKsIEEN Kv IeIEEIII. W~hole bloodE~ %kas lent ritlgell. and I Illv h e I'l llod
R(IORDAEN. DAL ).xH.IAII, A.Njl K.SsCHAWN KE.TEEE AI/ (-EEe' ll (lihlti nls (TE pEackedll El rtEicEs olf IEIEITEx 9E, 27. and~i
I III, I~l /o lgllili petIEEAE 155 /15 '.5 (lEIEEE 4TiE 4.5'r ) were prepiared fro~nt the sepalraEted red hblol ofI elIt,

l'hs,,. IE'5EIEET is 11E IS SE PIS 'EEE 54 IiEis.3s and plasma. A samiple of' well-mixe'l original Mholei Wlood~
PtEs.- I , -i't EE IEEI-IE ut,- '5 l E ligniE'll- TwoEEEEE- antIsarrple, ofl Each dilut ion Were placed inl we feel- at el
gramE~ feel 'win,-' Wood. WE, aEEIIE'E krum n El~ onto itEEEEEIIIESO IdE Or (IEE Ee rnilE iEEE oEf toEtalprE in heEgIloin 01. .3

I" Etiq l .sS ilE,' bElooEd "E Ith I i lEE' - (IIEE'l eternirEaEi -era lET IEE

lieE'EEEogle Obl n. Pll s (If loodEEE saiEEEIEE' "(E.I(. cquEilillllE' l 1" 1 ( li 1EhEE51 hEogIS('ElE S), ;Hill E nd m e IIEII gloiE (3) (ET~eE

lilt E' l CO pa i alE E EE'r E's ., ;illIEEEIJI Ilo tel l~ sEE'E E Ia trlioIEn. BIIIEE sit 5InpETIEE W\k l' r IIMNE ll (I IIi ill eil blit

11111 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ecse l~sr EEE iE E 'EEIEE'.l~1 EEIE IIE' S'EEIT'lIXE5E5(BE) Eo -25, -20, -15, 1, lI--il 45, +,0, +15,i

grirlis wE'rE' EEinsTrtiEE'I V lEthiEr. I,'IsEIEE1EEEEEI\EE Tioio rli (Eols (iE tETai Elf 6ll sa eTIIIs) II * ilad ing 10 T i of E Nl5 irking
lE)r s"Im. blooll dliffer frE mt hoE e TIE 1.1,v hE5E EE iEEEI'l iggall'l aidi orI lhase soIluT it'll (se Il'W lE 143. til I lomlEE. To
AndisE tor' f niailEIE bloodIE. mts? EE impEFTaiEEI l EEE ba EE'55- IleSent Ted (.(.ll lsis. bloodE( samlelis Werle Ilcie I'Ivll il-

alulI- E.t -cli tEE -52.) niEE E 1. lETh e ESIIE msi lEI r sEEIi feet I liE. loged lT lot1% speed' . andl the aidl El base- soli onE IEE 55?
,,IIE-lE'\ I'l Eliflfl'lE ire, e Eofislci.SseEI and. ai It I gIE (l EEEEEEicI'l alIdedtl I ITe swirling supjernatanl t lasma.i .Sii ipleS wvi t.

o- \'d oahe1-lte illageilestr' otI ica IoIa thent get l EIT T IErEIEgIII TTntxeI. BloodE pllEIEIE li Ell

pli Sl do-(EES E~l 1151it IEEEIEIE' and I11 lit-slE'tE'T nIc Elolg Ill"lo rli l l I;1 ~I%(I d \I )HV
I lotieEEEiher oll ElEEI pil i Wood IIEEI SiEIIEl.Eik l'EIl~ihI;i~lTI('ll

I.EEEE arl ESEIE do iEIEE paoi1 lEE'SIE bloodEE pH: EEEEEEEEEEI aiEEiEIE IEEE'- T 11 TEE in ll ItnsT [1eiE T atT iion ILIIE ll ll riE'- - 2
IEEETETEEer lT Ih it gas IlES li E'n (I 2.72' CO*( It () . ill

olther' TnlenlIler IIIthe pirT Skill silEiE'l c'E1 ilthlkTE' l (I

RVIF -NTtLY 1E'. F t~ P I EiS IIEEE0ITEV'it I''VIISiglV j)p l kiIT itEs it ga~s IlniNTu oflE 9I6l CO il .TllYI i ) gaEE lixtultiN (i l'sIiil

anE exllerimi-tltll antimail. TEE matalllinE ''tlortlial- vaIEIE'S Illcli prelE iEEsIV aEl /ElI Il IrIp t iliT, b\ eS lo'TETEit-ho E1

dulrin~g soneTE' Eof lEitr e-EI'tlt s (9T, wSe ned-ied tIE knllIE SchlEalletE ( lit. \\'hT Till's, gusilEE and1

the acEid-lIse' Eai ete rE''sII SSSin bEloodIEE . \\WE 'll' Iitiiall' tioEt1 ;HTEill loo tlleS EEIIT eI' us'T e d El I ill pt'li lii T '\E'
to ird hi 111011iH01 Il te M-~trc Alho gh %%, IlleEtils. -qi~rto oEEE Wood h \Il h CtT It (T its ;1EE1itE'\ (1

TIce in formation HuhIt't , al tEin hi' llterllt re s l :lT ll W~lEg 551' n - 15 H 1iT

ham. pa alliel rs betw vil hu iall :H ll exp rillit-ital il' S Wt hit 'uvl -I usingT ItS~ ilg a l-1V (I- i d

rleport o Scoht'Tit IEE? po iEI ei l aIElti E 12), '%% tEE,'h Inio a111. toe~l 'sE l, .tDN1: a i fir Fi.Il l. o e % ,,

diff retes l b'a l " e't h u,''ia ti ; il c nitE l oo I'IEc E E lil liltI t't'ttIIEe tE% t . I ple isi lig aev e~ SL E' etg E Sl, ( [I' liI'All E I

])lo ittop CO artal re" ll' 3T at3SV C ', I~ t'Eio ll i 3 11 S'o 1'it ETEEI i IEE?'

rE-Jo I Esl plE I ToeE kIE ' fidig El. Mir) 51V IEi?( 1tE:11EEa 'lr lt rde' caI I li t in kli ( e (t kIEE "1 t11 V i? (II' 'ls E

7:171 ditf.5nc 1 l/%EoliE te . 111(1 oftiI i' I loi loEE'

nittiE dglEogEE' u~edt~l-t for (1 l io I %'ll l v p r lel 111~ l.Th nrI(t -(it" ,t h
l-Ititd rvEIE EdiI ti iEEE? ;il ES Ell~ eikaILlaSI? I TkIl' 71 IEEEIE'I

M EI sE IETEII EEEEE', " it.'EEI0 TI 1)(0) fillEli'lil
II'E'(E.T~e (v~ I 1t7l Illl 11, IEEItr-E

ILE TforlE d he'iIEE blood of' El dlere i g k sdiEl -lI E lIEE''11 H do i l El'.W E IE ll IaEiE slelEa d li EE iE I g lIe 16d)I'
StLIV E chpi~sblo d asha dld n si ilr as i ElEEneteTS I PVEE' 'I 'EEEI I ~ Eli Elit ,' il\( n roEIIE aE EEEIESET I FileS

PiE Egs E e e l an sheie d ith hiEl1115E :Hil EE3V 1 1 gitill ttt kdIto ea lbae %i 1g ,11.ti ,.1;1 e4 l
artria bood wee c llcte in Ilpan (3 tni, llil tr iiat'te E ' b\ , the ~ t tie leo of SEE Eo'?'EEEEiE E E~ 11) A r . o

I IEItl, 1 7 0,n-1 1l1t1 leElelMtItI et'oE.'III I I " t IEI'IIEIEEEIEIoEIE, I lIE'



\ijli I15- Ti~iiAMtS FIT I $5\ INI.: I iI.(1)

a standiardf gas with it a liii closei to thai expected fot. tile six ike i-hroiiiialls cti iirizedi sa i lt)
looidi samriple %%its taken biefore andti ifter each bdlood irisestigito-. mieasuired irteial (CO partia preIl

sanmple- reading. Blood CO. te-nsioins were s 'stiiiaticalls illi , . f) as:3 irr andu arterial pH (pi. it 7;i I TE -
tiieasiircif to ensuire equnilibration of' blood with Cl) rinnol/l 1 This seemed suf'ficient lv ,ilos-t, T lit huimiani
Mean (±81) differeince between nicaSUreif and eXp)etani darid of I io<of .401 lirr and pl4 of 7.40 Ito rcli-t i-.
bloodi Puto. (calculatedl without regard to sign) was 0.88 vameS bit' BEf = ii for the puirpouse of niomiogram~ Lutnt iiii-
± 0.27 Torr at Pco. of' 87.9 Iorr. Readings tor pH andl tion IThis normalization was ac-ompljished b\v soiini
l'io, were correct ed for elect rode drift. each dens cr1 regression lit BE il t iI 7.4 andi IN oi to

Preparation iad .standal~rizaion of racid and base Tot Using the .Jetkins-Traif three -t age algoidn I-, d I
soilutions. A 1.0) N soIlutionl ot Na.C( Ilil", certified The result, BE__., represented the( dviat (iilot- he( tid.
alkalimietici standard, Fischer Scientific)1 was preparied biase statuas of' the animal fro i zero :it The Timeii The- Wood
and Used to standardize, 1)w titration, what we determinedf was dfrawn- Valuies for. thle arount ofI acid or b~ase addied
To lie at stock solotion of' 1.0)1 N HCI. The 1.1)1 N HO was ( BEi were then ad~jLLSted (shifted) b lil t- ti.0l (Iont
itseif as at t itrant for a stork solution of what we del i- BE..-_, The aboive regressin tIiitlel was The ti-i %i-ltai
oTinnedl to bie 1 .03: N NaHC(),. Concerntrat iiiti iof 01.2. 0.4. The shift edI 1E %allies.
0.6,. and 1V8 N acidl and hlasi- working siiuttioiis acre (Fri-c nomnogi-am?. B ' uinlg thle ci~ tat iil [(k i-ing ttt

p~retiaril %cfnietricallY friint The stock solutions. All front thle aboive citi-Ve-fitt Iing ric-dor-. w i- calcoulat ih(
working soIlutions were titratetlias descrihed ahove. All relatioinshipi hetween pH atiltI li I') fot- itil of li,
it rations were repteatedl after compatletioit iif thle henich three cioncent rat ions if hinogliilin it icail Is i-~I it BE-

lihoratorc 'a ork repairtedl here: no ilifferences w ere niitedt Siggaird-Antlersen andi Engel (22) tiatv-I That lot .;i-li
lietween tleteriinat iins niade hefore antI after These Ivel (if BE. t hieri exist a single- ItH and I oi lhiTit ii
experimetts. indiependient iif hemoigliibiin ici-it rat ion. li irioreto

Duto anWl.s. Thie idata gieneratedf for each pig i-c- each level of BE thle Thr-e lines (cljin i-l foc- -hi sll
.sui1ted inl three sets of'valoes fIurt each c-incentrationt if initerseit at ai single pit. liruidla i12T has u LiiLitt- i-hil i

hemitoglobfini . Eac h set contained saILoes for pH andI lull tisl can s~cur otlcl if shifts itt wai-iiiia -i-i Ille ],.-Il
lilt- blooud saimptles at each BE li0-20 m ieq I if acid or luast, lliiiiil -f iuu llasia Thfat resul t fri ittilgisiiill If IT
adldeid. flowiver. since T he- BE oul the( WoodiLL draiwn friint Tiketn itoi aciutt. Expu-ritii-tttill t. thre--is
hi- aitmial wkas not liec-ie-saril,\ zer-Lu thle data wi-re- gliuhin lies at eac h i-si-I (if BE ri-stilt Ini t fIn-i VC i -1i- V -
nuurrinalizedl to i-u-i-ctot fur i\ smtall ai--lase ilifuil- tins.-s i-wIra apifi-iai-t-si-- isill-iiIitii f ruoou

anuei- aTthe lt tle ouf siampling. Yuu aici-omptlish 111i-. Sig- ing T h-hettugilititf--tf-t poiiit b.% -itii I m
gaartl-Ariufrrsin anid Enigi-l (19, 22) pliittedi i-uistarn CO e ixampi~le. ti-l T hree poits Ill liltilsi-t Tooi LI mi li iw ;ir-.
titrationt -itt-si- I pH vs. ait ii oriase addiedill bot uth CO) aged. H-luui-cir. tisl oill t ail hei fi low! To, bei iIiii
tetlionuts fur (itn-Ih lemouglubin Liuiuetrat iiin ii 1C% C-itci To large i-rriir aOcl fti-ii of Ow Iivi -niuc ilt Iltii-s .11

fit Thi-r ulati liv ici- andi bic hatnd andi sittilaclc shift-d nevarly\ parallel. O thlie- siitplieiiih illos tif ipproiltiiat ii ii
hi- axis our The- iifdfid acid ori huam,- sii that ,ecuu i-irrei- are sintilirlc uii to erro-rut At T hi- usfuu-lsi i

spiitiiei 1ii p11 7.Ttli fiir t hi- 11ui. 411-Tin-i (uircc- TO. mtore- compntle-x andtf iuiiml-Somei- u.i ifloc iuuiiui i-I
Siggaarf-Anfi-ise-ii persinil ciurittttattIu-at ion; si-i Fig. 41I. t his pittital i-ti-ut.

Ili folliowitng Thiit itet holougc wi niotice-i thait nminor We- appiiriximiate i-il pointi-iuuluutt tul-uiil

ti-stilteif in ri-Iitici-l large dliffert-enies ini Thi- fitnal tiittii- idiffere-nce inl puH anif lug P4ii fat b ti-it Thfii poinit anud Theti
gratis. Vlafili- tii at-hit rii ri-siulv tlitsi- oifsirit-i dlit- T hiri-i funfleslilte I isufiintuglobulli littis. hlii ts-c sin-It
fi-retties. wi iuse-i prtist- mather-tmit i-il andi graphical a pouintt wuild bei Thfat riing ti-e sieisi uhiig- Toi
tethniques thIat were- impfle-tmente-d li\ ;I u-uutl . tt-Pil it proj iti tift i( The fitit luglufiti lintis toii muc

Fur ieaLcl iiinic-itrat iiin if hliiugloufinl . i-u;li-iileu a iitiiiimon initersecutionit Wi- ufvi-ul This Luijit ini Thi-
ii-gii-iiii t uiftiit Ili, iusinig a forwar-ifdi-p (\illiitI followinig fashioni.
i a f~ikwirtf gliiiu-i- ieit tion puui-uluit- Co' tio fit t lli- Lit (ptH,.-log l'iu he fThe t illu-iiiil-uiiiii-it tiitt

ni iel an tuf li and II, I = 1. 2. :f) b tilli- sloipis andf initiicelt,
of (h hiree-ii lintiat ri-fationtshtips calu-tulaii-ufronuut Owii

pH- = (C. + C, *BE + C -*1- BE + C, BE re-grissiont tiiidil for a gist-i BE- i.. pH i l ~i II(

+- (1 -BE: iig liii + C, + U 'B + bo;-t u. Sui Thi- fiulluuscig siet i i-iq~utts fur ill ,tild

4-C, -. B E + (-Ill- + -B E' lug P(-i -, ,

givt-t 1BE thi- ri-latiiinshipi lbie-itie ti atnd log Jiiim is ittl

hut-ar: -1) t iisliiti aninjtei--i--lt ouf This ratiit 11 ii I-l iaccars- ttuulin-uitls- with BE: anti 3) loii iai(h u-utiu-tiratuut whitri .\ t11i - pil I) +s fpi -,1 il +t fil --

IfI hi-tiuuloilin thi- cutiilate-i coeifficii-t.s udefti-e ait model tP" , ..

that liii- lilt- data a-ithI high statist h-il sigitificatti-i (ALi > d

1,9 if I ig P'u 4)For iaihl ke ftio- f hi-rtiigliilin. ti le euat iont wAa

"noirmailized" t ;Ii III til 74(h for a BE- of ze-ro iand a P(ui alit-i-i- 'u lug P( iu - lug, tii ,1+ lug fii - log
(if till) 1uurr. fiasi-u in thi- oblsrvationts if Orir it if.. ittlui P( (I - +log luLL - lug P( ( Ii



9801) PAIxoPKJIF 1-:1 , 1,

1.70 pH, = in, log P(o, ,,, + b,
fort = 1. 2.3

+log P pH,,,, - b,

410 I, -

1.60- A curve nomogram %%as then plot ted 1) connecting the
hemoglobin-independent points for a series of BE values.

Aignment nomtograni. Curve-shifted data were used
-s for a computerized construction of the alignmtlent notno-

gram, in a manner similar to that described Ib Siggaard-
Andersen (20).

1.50 420
-10 .f'ean Values

For each pig the previously' derived regression eq ua -

tions (1 for each concentration of henoglobin) were used
<to calculate pH values at each standard Pco<. at ea'h

1.40 -15 standard BE. The resulting four pH values H per pig) at
o each Pco2, 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 differed
slightly among pigs, thus requiring differing degrees of

1.30 to curv_ shifting to achieve tnormalization. Mean data were

1.70

1.20

I I I I I I 1.60 -

7.14 7.20 7.30 7.40 7.50 7.60 7.70 7.80 A, 04%
,$ -s 10

pH )

I; I Mean acd -hae curve noniogranh hor s-in.- Set, text for + f5*
derivation of "inean" values for 4 swine and cn,,,trul ol IIonogart 1..50 20

+I %5

TABLE 1. Swine base-excess curte nomogram \U1S 20

( ",o rdinnates lio(rlilnore-

IlTia, r pit r ....... .l 1.40-

-20 7.145 19,7 0 74(51 4U. 0

-t9 7.t62 20.7 1 7.412 40.6
- 8 7.t78 21.8 2 7.424 41.01 3
-17 7.194 22.9 3 7436 41.4
-16 7.208 241 4 7448 41.6,
-15 7.221 252 5 7.461 41.8 1.30 I' I
-;4 7.2.36 261 6 7.,474 418 -20
-13 7.249 27, 7 7.488 41.S
-12 7.2 2 28K6 8 7502 416
11 7 75 29.8 9 7.17 41.3

-1) 7.21 109 10 7.532 40.4
-9 7298 32.I 11 7.54S 40.4
-s 7.311) 331 12 7,565 14 1.20
-7 7.321 "4*1 13 7,582 39.1
-6 .1.33 351 14 7Win) 1 3
-5 7.344 36.1 15 7618 :374
-4 4355 :170 16 7 467 :16.4 7,20 7.30 7.40 7.50 7.60 7.70 7.80
-3 7:166 317.9 7 7657 35.
-2 7 377 386 18 7678 34 2 pH
-1 7389 :19.4 14 7.700 330.

21 7,722 3 1 FI; 2. 1ontparison of our 'it-an" datla for swine I - - - witI
- Siggaard-Andersen's data for hutmns I- - -I and S'ott iuakpor's

Pco, CO partial presnure data fir ianines I- -- 4)
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hen handled as it' they- were from a single pig, and the that of Siggaard-Andersen (19) for human hlojod and " ith
aftove-ifescriheil analYsis was perhormtedl The result %%as that of Fct niuakpor (12) fr caine hlood WFig. 21

sepiarat e mean curve and alignient nonmograms. The alignment nottuogrant is shown in Fig. 3

RESI'LTS tDt5CU[5510N

The mean acid -hase cuirve nomogram for swine hlood O u r niean curne and alignment nomogrants tm s%%mcti

is depicted in Fig. k; the dat a are presentedc in Table 1. hlood are d ifferent fromn nomogrants fo~r ftunian) 19, 21

We conmparedl our cone niomogram for sw~ine bloiod with and canine hloodi (12) ( Fig. 3j As a techical lii Is . ec

PC0 2

10

BASE EXCESS
mmol/L BLOOD OR PLASMA pH

+208.0 -15

+20 -

+15
7.8

+10 -20
7.7

+5 7.6
0 -25

0 7.5
-5 7.4 30

-10 7.2 3
7.2 140

-15 7.1
7.0 5

.050
6.9

-20 >0 2

6>6.8 60

6.7 170
HEMOGLOBIN g-dV1  6.6 8

90

100
-110
-120
-130
E140

150
F1,; hand leai i ," -h-i ligni't ..l.. a igre Wi en t S , I o;i gard -n .i.n da m I ml I to min



a-i-flt-ei StIttliti- bit littitted exenk temtt wt h libloo it of ligit he Pco.! 41-Tor' dtati .so that ;it :t p]l I of 7.4o). BIE

il dl pit'it hlttlogloint ((loietriitoits Of It. 10. drawtn iso'I'ttt curxes the pH atl flrselertef lvels of'
ol ., g ill I wen. stimilart to that of Siggatatit-An-\tlt BE. Ani eXarof~((ti tfhis gt'aphtI fttolt5. Usitig tLii front

,-(i between HE (if -I0 and +1 mm nnoll/ II > 0.5t hilt one of our swine, is showin i Fig. 4. We it( tontplished all
dltit'ltlt f1ri01n out- swlI ntomogrami W < 001)1I I T thitt eb~ wit ft a onilIf Yten the ReStilt jg CUrve-fit eliua.l
,ontparthe swine alignlmnt nttttograin wtth that tdrawtn t ions dlescrihing thle data wit h ;it;I tcutrav of mor(Ie than
lvI Stggaaird-Attdursent- or tint blood (2M, wev plotted ~~

o'ur ditta of known pHf Pco. hemotglobint concent ratin t.'To dlraw the BE grid. Siggaard-AtttderSenl Used Is
mill BE oiltt- It ggattl-Atltet'5en alignment nlottwgrattl previoitslv tdevelopedl f-log l'ci, (-nixe itotoogrit forl
as, it wu were unaware ofl thet trute HE value. The BE onte set of blood( Jtl ilinldP 0'i vlues and)( aneMl lri
%itllit' determttinedi from the Siggaaril-Atiterseut tllit( re'lationshipt betweent hulfer base. fivilloglill I(ilmetta-

grain were ,ottlftareu with thet Itue HE value(s. 'The re- lionl, and HE to estimtate thet requtiredl vecondt pan of
ulm -st itnated BE differed W~< 0.01) front thle know n Wood pH4 itl 'CO. va11us. Becas ot ;IItil(illIettitil tj-,

HIE of all blood 4antples atl all conceitirat ions of' hettoglo- regarding the sperificitv 01f the( pHI-lOg Nl0o ~rVi- ilti-
bin and HE. except at a HE Of tet-O, tfor whirh thle reslts ograllt andt thle empirical relat ionshtip Ifesctifled illoe,
ire. Iefinlit iolallY IdeinticIal. Ini nearly all cases. however, we chtose to luse, our olrigintal tdata antd thle Ilmttifc r-
he 1-ll- ulited value a is" wit hit 10t', ((ftilhe true vale, genraited curve fits, to that datai tol deterit, tlilt, BE

There art several11 possible e'xplanation~is fur tlt,- differ- gridl.
('tcll' fow-i wit-i(r nomolilgrami and that of' Siggatttf-Att- To gettet-ak- thitt nitlt(((i isIolinoIgloil~l fitn', of II,
Ilt'si'fl Neithfet- set (If halt I, as ied (lit the Ilblood oIf' t BE gritd frotm the ortiginal ofatit, we dlevelopedf IIntlfltt-

or humaitns. we used f or swm.lb wi-ver. Iil our ixper- PH-o

((rtilt nomottgrat l or (aitl Iblood t hit Iliffcee fromlPC,
S ig g a a rll-A n d e r s e n i's (-tirv i- till itl g ra n lt h u t n l o od( .

7 7 7 i

ill (hilt flI somte. butt no(t all 12l t. I I f thll ld i-ti-ttice-

valuec for hutnutos./

Tolsi (Icr ululood Ilist fit a((itt BFt lI%(-s ;It). 1

gIpanAt diislutio (t ll illi fofltlaith addin~l '11 a

alootlllit's l~i (1 2Iltt 1iilltal 11.-BS ECS

ttII-ftll Weif itVre itt ftban tfittlln if sigtlll],

I -i~ h' ' l o .\ 1,h ifI u (o f I ,I "III f Ih

(,;!ACI ADDED usS ADDEDlornilorli !rwIe do n



b.\ ttt ptet. Sigg ir(I-Atilet-sun tail points ('ternined less. thin o. I itititl 1,
graithialli ill draw titte, It\ handti. Alt houtgh %% atn Fittall there art. dltitti-t ill th Itnuthiltltig\ li
not examinetd svstenimut ally tit he tteretices hteieeti the mteasuing pHi. t he mtajor % ariahile n Awhit-ht hes- nntt-
an i-i-hniqne-.. ate (fidl note hettit. cnnmpletiotn of ti-e ngrutns test. As it result of attlant-es in designt antd (It-u

utnpteir pro~grants that seeirgli- smiall. unittportantt si-Lid innl Ot IY elI-IC 1e 1:3) anid atiilifiurI (16), in
interpretiv iitlerentes that occuhtrredl when tltutwttg etriiaiinitjllinttehdlssattllt I, t
i-ins sit hanil throiugh the toriginal data created relut- ± ti//l (S) pH unijtsi than dlid the nmeasuriieets (Ii

vil lrg t~~l-rtitesinthe estimated anount requireid Siggatt-i-Anduersent. Variat i n tlieOl tttastutt-tientl nf
o shift the "aejildir-lase-addtedl axis. These iffterencees pH that are( usually t-Vcnsidlered mtinoir e.g.. ().t)iit pH-

createtd relat ivelv large ifiteren-eS ini the alignIt uett 1ii01tt- Unit st result Ii su rjrisittglY lit-ge i l.rettes in t he final
t)grant. tintittigratit. btecause telti el., stiaull ltfttnges ini thle slote

Antother difference bet ween Siggaafti- Anilersens n10tn1- otf nearl ' parallel lnes greatly~ alter t heir poini itt inter-
ngrami and ttur town is, the temperature at which tittitti- sect ion. Sitall variatins itt pH1 create the( largest changes
it re anti measutremntt tf pH A ere ierftrntetd. Siggutard- lit the ttitiiitgruttti Ii Iii- RE1 tange itt + 1ii il + 250 tteI 1,
Andeirsen's exterinment s were pertortieil at 38_C ( ';tt s the ratnge itt which ()tLir- nomottgramt iilers mo st fronrt that
were terfortmetd at :18.8 ( Inital hiudX t ettperatutte Itl trtf'Siggaartl- Antlerseti.
swine)i Siggaard -Antlerseti citrrect lY st at ed that mea-
surements perftortmed at ieniert titres within ±2C of ittk1, 1 1gi- tn -gadAd-:38'C (the standtard Teimperature ttt his tnitmtogrtanu ire ill, .tt t .It ,j I illn..... . t-tgi oott .." t n lt t wr, -Ntt

"wtou -n pramca-ull.\ significanit errttr" (20i. We tent- It, .td ,ao ,tI. riit rtis t, I ,ttt Rt,- ,,ri/ 1, ti 1) t-1
teratitte ctorrec-tedill( tttt ttlti pH antdt lct, dauta frtont o/itit ioiti tItt t "Iot, t W i,\,t i- 111t t q I,, o, i

grant. All estinmates were within 2:0.1 initl/ I itt the trite zlrt- tiI tol b(titi d rita/-to i-d lot ;t- -,tton, ItiA , \tt-t-( it tit

value. Similarly. Utsitng estabtlishedl dita hrt pK' stilulilitY t It "I tite A rtt ,, tit, lIi 11,

itt (C0_ in plasmat i14. we, deterinted t hat thatige i lin-Iit II' it N -o-ttt 1i 19int -itt-i t, titW "hn' I ,-,,

RIEFERE INCES

I iiitRI, i , Kiii i.-iii N 0t Siiii it -\r ~ )j~ -1 K iNili~ Fi-it ZmmitI' it.. 'l !-

I I su-it.ai. Ihv a-I - A c\n... i I..... 0 tiI-I - P1,

2 )I b h, i\, k- tt-,i- --tii. ,, i l r i-opiitlr ..t g.11 t, -~jl it t c t tl-oio..- i v -iri -iti - 0, nsittt

AlS-ni IM Alt-titi. l it2 A7 i P -S.... It .1 Ct1... t,, /i t7 i.t tuu o io i t tu
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13. Appenc ix

The foIlowing manuscript, in preparation, is enclosed.

Weiskopf RB, Bogetz, '.%S, Roizen MF, Reid LA: Cardiovascular and metabolic

senuelae of inducing ancsthesia with ketamine or thiopental in hypovolemic
swine.
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KETAY 1N:! I'l:x :.h'TI. L:0 l'VOMx

1: tr icr w' 0 L i- ' c stLimu la! ion i ine itCher o'ss ib Ie nor' desi rablo

dur.. derate ivyi'olcomii, dtlest~ietic A3, tt capabic of sympathetic

stLiuIi o wool, :,t ho .did.ntcigeous for induction of anesthesia during

hy I)ovo I entia . To tcs, t his hype Lhosts, 21 swine were studied during

normovolo~aia and af£tor 3(.).- of their est imai ed blood voIlIM ieW IS rVMoved SW i re

werea randomly dividctd a to thzree equAl 1 ;roups to rece ive no anesthet ic or the

nini-aal anosthetiC dio. )t kllrrnine (6. 5 _- j.38 mngt, iv) or thiopontal

(5.77 ± 0).21 mg/*Kg, i". Animls g.iven no jrx'o did nut exhibit any further

hanges during hyp-'.>icmii. Five mut.>; A: ter induction of anesthesia ia the

hypovolemcti stat,, kote mine hut no, thiopental cauISed large increases in

plasma epinephrine, noropirephritue,, and renin activity. Despite these4 ~ ~~dilfcronces, both uie(jhtls IIalY dprssed systemice vascular resistance,

me-an systemic irtorial blood pressaire , hiart- rite, cardilac output, and

hatr rclx lunction. No thor anes totleif afeeted oxygen conlsumption or stroke

volume. Both anusth: ic caused similar incre-ases in blood lactate

WCnueontrarltun. PTi -- Vsou fter induction of anesthesia, plasma

I nopr innor's in,-e, ant! renini activity roicained higher in animals

t ivi n kta erIe' ti, in ii. !o, gin thlopentLa . However, systemic vascular

resistanice, stro'vn, and cardiac output were not different for the

animalis gi von k.taminc ot thiln nta , and had recovered to values not

different from th s, !r Animalis given no drug. Moan systemic arterial blood

pressure was nut di crw ini the ant ia 1 s given kutam ine or thi opental., but

rema ir- d lowe r than iz use gi ven no t lier toesti tc . Oxygun conumption did
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t 1ii1 :u.0~IWeVer , onlY the1 A:i:lt~i io,'Lil ki-.ll~ [ ne Cooti:nod

.,ow utrtlevr iticrease in blood laCLtte eCOentrat ioui ml bis, dmt iIL- Th ir t

a:IUt5 a fte2r infus ion of shed blood , Card LIC Out Pnut , nid blood lactate

concentrat ion were greater in the animuils giveii he tamine than in thcot,e given.

thiopentil or no ainestho-tiC Ninety minutes ;iftez infusion of shed blo)od, no,

differences existed among groups. We Conclude that after moderate he..orriiage,

further increase in circlating Catechoolmnes is possible2, but that the

Ievois a chieved e' t! evr excwdo" t 11-:r 0: et cti ve cuncentr:Iti'n at si Ie (s)

ol action or their effects are overwheLined by the depressant effects of

ketomine. This Study failed to document any advanitage of ketarnine over

thifOpental When Used in the minimal anesthetic dosageo for induction of

anesthesia during- hypovolemiai.
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Althot)ugh hypovolhmiai is us'~il ;Corr' -'- b : 'r idv ., '

some conditions may not permit r-storatioil of blooLd volumae bt mrg. .

intorvention. Thus, it is occaisionally noc~ssiry to induce iiixt inc

onca rrec tab~y hypovo I emic pat ient.

Compensation brc hemorrhage is complex; important mechanisms inc Iud-

stimulation of baroreceptors and sympathet Ic and renin-ingiotensill syste;m.s,

and inc reases in heart rate and systemnic vascular resistance. Drn

nor;uovolumia , different anesthetic agents have differing influence on these

variables. It is not known to what extent anesthetics maodify these mechanisms

d-ring a stimulated state of compensation for blood loss.

Because of its pressor action, cyclopropane had been recommended until it

was realized that blood flow is more cr1itical than, and cannot be equated

with, blood pressure. Laboratory studies subsequently demonstrated poorer

survival rates for animals bled while anesthetized with cyclopropane than

whije anesthetized with other drugs.
1
I

The use of thiopental for induction of anesthesia during hypovolemia is

controversial. in World War II, many young hypovoumic men were given large

doses of this new agent. They breathed spontaneously, sometimes without

receiving supplemental oxygen. Not surprisingly, results were mixed. 
2 1 3

Ketamine, like cyclopropane, was advocated for use during

hypovolemia 116because of the hypertension and tachycardia produced in

normovolemic animal, 
1

7-20 and humans 19,21-23. Studies of animals bled during

ketamine alnesthusfa Pr )diicd diff,-ring lntrprottions as to the usefulness of
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ithr v i : iw nr th op,-: I.i I o I :I ;;!,I! i 'd i IjO c 1 e~ t r')I Id r ish ion

ioht ion of ines Ihsjia during liypovoIoni4i . Ih, single laboratory reports

or i- nitrat ion ort ke tane 27 or. thliolenta 28 to lvpovolemnir dogs are

i~ictent is describcei and without AdeqU,1it con'lrol's. We conducted thlis

t tid:; to exatni ne the infbuence of anesthet i cgnt on. conrpe!nsatory 'chl'aisrns

to heT-norrhagu in awake miianls, and to test our previously stadted hypotheosis 2

thatI SMVrnAthLetiC stimulation maiy be neither possible nor beneficial during

induction of ainusthosia in hypovolornic subjects.



KETAMINE OR THIOPENTAL INDLCTION DLRING IYPOVOLEMIA

METHODS AND MATERIALS

We briefly anesthetized 21 young swine (Chester-WhiLe-Yorkshire

crossbreed; weight 20.0 + 0.5 kg, mean + SE) with halothane in oxygen and

nitrogen, which was adjusted to maintain arterial oxygen teiosion at 150-200

mmHg). The 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 ml/kg; frequency was adjusted to maintain Paco, 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

percutaneUusly through the innominate vein into the pulmonary artery.

Halothane was then discontinued and eliminated by ventilation until its

end-tidal concentration, as measured by mass spectroscopy (Perkin Elmer Model

MGA 1IIOAB), fell to less than 0.5 mmHg (0.05 MAC). We waited an additional

30 min before beginning our studies.

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, 00 C, 0.9% NaCI), a thermistor-tipped 5-Fr pulmonary arterial catheter

(Edwards Laboratories) and an analog computer (Edwards Model 9520A). The

temperature of the injectate 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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tne endo-racheal tube using mass spectroscopy. These physio'ogic variablos

w,,re" r,_.corded by a (;ould polygraiph (Model 28U()).

We calculated systemic vascular resist once (SVI) is the difference

between mean systemic arterial (BPa) and right itrial pressures, divided by

cardiac output. Pulnonary vascular resis ance was calculated as the

difference between mean pulmonary arterial and pulmonary arterial wedge

pressures, divided by cardiac output.

Temperature, measured in pul:nonary arterial blood, was maiintainud within

0.50 C of its initial value using circulatin.g water heating pads.

During each experimental condition, we used Radiometer electrodes in

steel-and-glass cuvets to determine partial pressures of oxygen and carbon

dioxide, and a Severinghaus-UC electrode
2 9 

to measure p11, in both systemi, and

pulmonary arterial blood. All electrodes were maintained at 370 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
factor, and body temperature. Oxygen concentrations in systemic and

pulmonary arterial blood were measured in duplicate by a galvanic cell

instrument (Lex-O 2 -Con-TL, Lexington Instruments). 32 We calculated oxygen

consumption as the product of cardiac output and the difference between

arterial and mixed venous oxygen concentrations. Base-txcess 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 concentrations
34 

and plasma

epinephrine and norepinephrine concentrations, 3 5 
and for radioimmune assay of

plasma renin activity
3 6 .
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All or these mneasurements arnd cail CaI~ eswere riad, whi 1c anial s were

no rmovo i -mnic Then 300 of e a c nanimal 's z1 b I)d eni ore L ( CS' irate Id uISing

equaltions developed by Engelhardt 3 was remov-1 through the arterial cannula

during a 30-min period. An ddditional 30 min wans allowed before measurements

were made for this hypovolemic state. Each .inlwas randomly assigned to

recoive ketaminie (Group K), thiopental (Grouip T), or no inestlietic (Group, 0).

In all other respects, animals were treate d simlitlv.

We determined the appropriate dose of drug lor each animail as fol lawn,

Fe rtv-eight to seventy-two hours before the daly ut cxperimeci , , a cannulj wSIS

inserted into an ear ve in of ealch C Unll -iCa ted) awl ne . Th io pental1 or

ketamine, 6 mg/kg iv, was given raipidly, foll;we.d by repel te-d iv in joctionls of

2 mg/kg every 15-20 s until the animal no longer responded to a paiinful ear

stimulus. On the day of experiment, one-half this dosage was administered as

a single bolos. In a separate set of experiments oun swine, using eight

littermates, we established that 30Z' hypovolemia reduces tho anesthetic

requi remsent by approximately 307' for thiopent Il and approximately 40Z for

ketamine. (Weiskopf RB and Bogetz MS, unpublished data). These reductions

did not differ significantly from eaich oth01r. Group K received ketamine, 6.65

+0.38 mg/kg; and Group T, thiopental, 5.77 + 0.21 mg/kg.

All measurements were repeated 5 and 30 min after induction of

anesthesia. Shed blood was then returned to the animal and measurements were

repeated 30 and 90 min later.

For each experimental condition, results among groups were compared using

analysis of variance with repeated measures and the N~ wmian-Keu Is thod of

multiple C-olpa r isonls.3 Stat t Ica s ijgt ifiicdnce waIs accepted when P < 0.05.
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emorrh.ce (Table I)

Hemorrhage produced changes similar to those we have observed in a larger

group of similar swine. Right- and left-sided cardiac filling pressure-s

decreased. Plasma renin activity, plasma concentrations of epinephrine and

norepinephrine , heart rate, and systemic vascular resistance increased.

However, thee responses did not sustain stroke volume, cardiac output, or

lean systemic arteril blood pressure. Oxygen consumption increased; and a

decriease i:i batse-excess and ;in increase 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

hypovolemic period.

Five Minutes after Induction: Five minutes after administration of

ketamine (P < 0.05), but not thiopental (P > 0.05), plasma epinephrine,

nurepinephrine, and renin activity had increased. Despite 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 0. Neither

agent changed right- or left-sided cardiac filling pressures. Although

ketamine and thiopental significantly decreased heart 7-ate, the resulting

rates did not difter significantly from the rate for Group 0. Because neither
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activity was hiuher in Group t h n i n roup T, but t tctivity in tht,,

groups was no' diflrnt trom Group t). For Groups K ind T, SVR did ii) d it!,r

fron ach oth.r, bi W;IS less thcilil lhL for Group (. Barorefl.x tunl-c i

partially recovered, but remained similarly depressed in Groups K and T.

Right.- and lot't-sidod cardiac tilling pressurus and heart rate remiained

similar, and cardiac output no longer differed ilmong groups. Also, the

resultant mean systemic arterial pressure was similar for Groups T and K; both

were less than that for Group (.

Oxygen consumption did not diftr among groups, but wholu-blood laczate

concentration continueud to rise and base-excess cotinued to tall

significantly only in Group K (P < O.o5).
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The cardiovascular effects prtdind ii in o" a . ;I

ketan ine during hypovolemia ditter trom hose set-n during nornn,\'...

rite, mean systemic blood pressure, and cardiac output incr.-is., w -

7-2", 19 21-23is administered to normovolemic animals 1
- 2 

or .an ' . In

these variables decrease during hypoolemia. In our stud. ',-T 7:>,1

thiopental produced identical cardiovaiscular changes [nitiilly. A.!

these two anesthetics affected plasam catecholamine conceltlat:itu.

activity differently, both similarly deteriorated the aninal's a:]

compensate for he.orrhage and decreased SVR, cardiac output, and k.

anesthet ics seriously depressed baroref !ex funct ion. Thio penta I, . ..

,39 40. (treported to depress the baroreceptor ret ex in :n. i 9 
and dogs. Our

exp'ri:,nt,il design did not permit us to dli t which portton(s) ,, t k,

reflex were depressed.

Thirty minutes after induction, hypuvo emn i animals who had rece i

ketamine for induction became progress ively more acidotic, while thon.;e who had

received thiopental or no anesthetic did not.

In our present experiments, administration ot ketamine further increased

circulating catecholamine concentrations above the already elevated levels

caused by the sympathetic response to hypovolemia. Thus, one p.nrtion 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 a3-inistration of ketamine
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may be a function of incre~ased sympatjLhot ic j-Li vi tY, 4 - 3othe r cirv' ii it nz

41substinces , or a, seLparajte action of ketoaiit Yh( progr#ess ivt ii. LI

acidosis 30 min after induction, seen only in the. k,-taoin, grGco', may be 1

result of increased oxygen demand caused by incre~ased syllpaith,-tic activity

without concomitantly increased blood flow. Despi te the inc rease ill

catecholamine concent rations and renin ictivity, SVP, BPa , and cardiace output

decreased. This failure of massively inlcreased levels of circulating

rutecholamines to maiintain lPi , SVR, and cardiaic output implies that ktnt~

has a powerful opposing depressant effect, or that the ;naximal response to

stimulation hod been achieved. Ketamine has been shown to be a direct

myocardial depressant, 18, 4-47 not to cause2 cont ract ion of rabbit aortic

srp,48 anld to relax phienylephrine-lnduced contracted rabbit aortic

strips 48. Sim -arly , thiopentol depresses; the myocardlium
49 

an,,d peripheral

vasculature. 50 In our experiments, both inen;thetlcs decreased SVR. The fall

in stroke volume index at a tine when left ventricular preload increased, seen

after administration of both drugs, tttds to indicate myocardial depression.

However, since heart rate, afterload , and invucard ia 1 complijance were not

controlled, no con. lision can be drawn.

Alternatively, the increase in circulating catechujamines in the animals

given ketinsitte could have been a response to ti hypoteniIon produced by the

drug. This would imply that thiopental blcked a similar respons~e in thle

animals in Croup T. Our experimental data catt not differentiate between these

proposed mechanisms. Never thle l,:SS , our datai do support the second pairt of our

hypothesis: that fuirther sympathetic stimulation d~irirtg induction of

anesthesia during hypuvolemia is no betteficijal.
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Several ispects of our mthodu logy 0iould b disci-sacd (jur animails were

not "trained therefore, data )bt. ined in the absuenc, ot Aesthesi i y not

be equivalent to data for "resting" animals. Nevertheless, cardiovascul-ir

data we obtained for the unmedicated, normovolemic state fall within the range

of values reported by other investigators. 3 7
'

5 1 - 5 8  
Furthermor., hypov)lemic

and/or traumatized humans are not in a "resting" state. The fow limited

reports of hemorrhage in unmedicated swine have shown an arterial blood

pressure response similar to that of ou:' an5im5l.. 3 ' 5 9  
Becaus, det iled

cardiovascular response of unmedi cated swine to hemorrhage has not been

reported, we cannot compare some of our results with ttlst- 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

the rat differ in important ways from that of man. 60,61 In these species,

contract ion of the hepatic sphincter causes splanchnic engorgement and a

6) 6061
number of sequelae not seen in man. ' The response of the gastrointest in al

62
tract of swine in shock resembles that of man. 62

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 normovoaemia was determined for both agents and individually

for e.ich animal. This dos was then reduced in accordance with our findings

tha t hypovolemia similarly reduces the anesthetic requirement for thiopen tal
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iiud ket:mine. Smaller doses would not h'e hia IlusLhetic, and ,thr

cardiovascular responses couL 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 shortc-min:s: the concomitent

use of other drugs; and/or the failure to substant iate major blood volume

deficit, to indicate the dose of ketamine administered, or to document

cardiovascular responses at specific: time intervals.1
4 - 1 6

The literature concerning the use of thiopental for induction of

anesthesia during hypovolemia is also an-cdotal. In World War II, the drug

was used in doses of at least 500 to 1,U)O mg. Patients breathed

spontaineously; and in many cases, inspired oxygen concentration was 21,. It

is not surprising that the result was smetimeis catastrophi, . Ketamin- wa

Introduced 30 years later, afLter use of controlled v'uLilatio ind high

inspi red concent rations of oxygun had become rout in,. And after

anesthesiologists had become more skilled at recognizin and trelting

hypovolemia. These improvements alone would have imiproved outcor,..

If anesthesia must be induced in a hypovoluimic pati nt , ke tmi,- i0.5

mg/kg iv is often administered. Sometimes the result is s etistictry;

occasionally severe cardiovascular depression results. B,',1use UDIny oth,.r

events occur almost simultaneously (endotracheal intubation, positive-pressure

ventilation, skin incision and rapid initiation of surgery, continued fluid

infusion), the outcome does not reflect the .'fLects of tie .nesthtic .tgent

alone.
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Our data indicate that moderate hypovole!iel.1 duces leOt produce a is iximal

increase in circulatiig catecholamines. Ad:ni:istr;ition of ketamine, buit not

thiopentil , causes a further increase. However, tIe inc rVased pIaImt

concentrations do not further stiaulte the circulation, because thty iru

above the maximal possible effective concentrations, or because their e tfrct

is overwhelmed by the depressant qualities of ketamine, or both.

Administering ketimine for induction of anesthesia during hypovolemi did tot

offer any advantages over thiopental when both were used at the minimal

anesthetic dose. The clinician should note that an anesthetic age:t 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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5'. iniiots .31, Jennintgs PB, Dixon RS: Pliosin loi.i .1<epct, )!. porecine

fi -ir rli,ig'e. I II IHI irtL ri te nol i r trisi, i1)r t-sorts u l. r ~ dout i n g
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o,'~ S~ win~e to Inouction of Anesthiesia during 3O% Hypovollemia

r j r"iuitlon 3C min after in urtizon

Statist. No itati st.

Th-i3Ten.3a ir.4or~ret. anesthetic Yet-,mine inc~t1 vterpret.

0.7 ~ ~ -1. n

C.2 0.14 l.
1 
4 .. .9 .

*~~~~1 .. .. - 27 . C 7* 4.r, 5. 2 K.

07~ ., . , §6 2139 161- 1-2~

2.1 7.8

6.82 - . 2 ns30 f

3- 3.32 3. D.V .

2. 3.13 33 n

6 0 .5 -0.1 J. 5 3s ?C

.u 0.23 0.65 0.24 C<F,,T 0. - . 0.1 1 T,'



p

- I ...... :.. vas
-- V' '0 ~ I-.. -.

...xar.. .:.~.It .2.4.

.................... 247 . .



11 7 ;n iy rec

. t ! " 7I

it i i a ii i



7 11.'Dp*.:N- L.-;! -v ,

Mean right atrial , ". .*. -0.< 0.? ,7.01

PWP (mmig) +. _ 9.7 ,. . 7. <0.00

Renin activity (ng/ml) +. 18. 1.7 <0. 05

Plasma epinephrine (p / i ±- 7',' 157 ,.0 . [

Plasma norepineprine (C"/) 3.. * 6 , <..07

Heart rate Lbeats/nin) r +_ 1) <0.071

Stroke volm_ (mlkg) '.77 2. 7 . 0. 7c <7.001

Cardiac output (ml/min/9e) 174 + 113 + £ <. 001

BPa (mmHg) 129 + 3 100 + 6 <0.D01

PAP (mmHg) 13. _ C.5 9. + 0.5 <0.001

Oxygen consumption (ail 0 2 /min/k.) 7.27 + 0.26 7.94 + 0.28 <0.02

Base excess (moo/1) 5.7 + 0.6 3.3 + 0.6 <0.01

Lactate concentration (mmol/l) 1.10 + 0.13 1.69 + 0.25 <0.05

SVR (mmHg//min) 37.3 + 1.1 45.2 + 2.3 <0.005

PVR (mmHg/l/min) 3.05 + 0.14 4.18 + 0.21 <0.001

Values are means + SE; n = 21.

PW, pulmonary arterial wedge pressure; OPa, mean systemic arterial blood

pressure; PAP, mean pulmonary arterial blcod pressure; SVR, systemic vascular

resistance; and PVR, pulmonary vascular resistan-'e.
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KETAMINE OR T117OPENTAL INDUCT'ION OA VMIVLI

F.1. BirorccprJor ref lox fulnctionI in IW;Isc' normuoienlic and

hypovulcel swillno (ovi symnoIs), and titer idv:1ili strot i,: (cloSed ~~L )

of kt';i m ino , th opntiI1 , or no a isnoIst ic . en L o,~ re !neon va I us for iC-n

swiIIO.
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