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carotid arteries for measurement of pressures
(strain gauge), determination of cardiac out-
put (indocyanine green dilution technique),
and sampling of mixed venous and arterial
blood for determination of 1) Oz content
(calculated from Po, and oxyhemoglobin con-
centration), 2) arterial Pos, Pcoz, and pH
(electrodes, 37 C), and 3) arterial concentra-
tions of luctate (L) (enzymatic methods), and
plasma concentrations of epinephrine (E) and
norepinephrine (N) (according to the method
previously described?). In the blood-removal
studies only, plasma volume was deter-
mined during the control period from activity
in plasma samples obtained 10 and 20 minutes
after intravenous injection of RISA of known
total activity, and these results were used
in conjunction with the h tocrit of a central
blood sample to estimate whole-blood volume.
In all studies, observations were confined to
the second half of a 30-minute period and
were made in duplicate except for catecho-
Jamines (single) and cardiac output and
(a-V)oo (in triplicate).

Four types of studies were done.

1) The effects of the anesthetic agent on
survival time and the hemodynamic, meta-
bolic, and catecholamine responses to progres-
sive unreplaced blood loss were determined
in four groups of five dogs each in one of
the following four circumstances: cyclopro-
pane plus succinylcholine, 150 mg/hour
(CaHe/SCh); CaHs alone; isoflurane alone;
or halothane alone. After control observations
had been made in each group, blood was
removed at 10 ml/kg at 30-minute intervals
and observations were continued until death
(EEG interpretation) occurred. In these stud-
ies, blood removed for sampling was treated
as a component of the total blood removed.

2) Another study was concerned with the
responses to infusion of lactic acid in amounts
necessary to span the ranges of blood lactate
increases observed in the unreplaced-blood-
loss study. Five dogs were observed during
anesthesia with CaHe/SCh prior to and during
two 30-minute periods in which appropriate
amounts of lactic acid in 3 per cent glucose
in distilled water were given by continuous
intravenous infusion.

3) Another study involved the responses
duringanesthesia with either CaHe/SCh (three
dogs) or isoflurane (three dogs) to continuous

HYPOTENSION 33

200 -

SURVIVAL F
TIME
(min)

10

CyHg + Sch
Cs Hg
tsofiurane
Halothane

ANESTHETIC CIRCUMSTANCES

Fic. 1. Survival times with progressive hemaor-
rhage (10 mVkg/30 min) in different anesthetic cir-
cumstances (means = SE).

intravenous infusion of E, N, or E plus N
in amounts sufficient to span the ranges ob-
served in the unreplaced-blood-loss study.
After control observations had been made, one
type of infusion was studied in each dog
and five sets of observations were made at
progressively greater infusion rates of E (0.050
to 0.80 pg/kg/min), N (0.0125 to 0.200 pg/kg/
min), or a combination of E and N at these
rates.

4) In the fourth study, the effect of passage
of time on the response to unreplaced blood
loss was assessed in one dog each during
anesthesia with C3He/SCh and with halothane.
In these studies, following control determina-
tions, blood (35 ml/kg) was removed and ob-
servations were repeated at 30-minute inter-
vals for at least 5 hours. The blood removed
initially was used to replace, volume for
volume, all blood loss related to sampling.

Results

Mean survival time with progressive blood
removal of 10 mlkg each 30 minutes was
least (146 min) during anesthesia with CaHe/
SCh and greatest (247 min) with halothane
(Rg. 1). These significantly different survival
times were not ascribable to differences in
initial blood volumes which, overall, had a
mean value (SD) of 105+ 12 mlkg and were
not significantly different between groups.

Control observations and responses during
the first four increments ‘of blood removal
are summarized in table 1. Tabulation was
not carried beyond this point due to progres-
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sive reduction in numbers of animals in both
CsHs groups, which rendered comparative
responses less meaningful. For either CaHe
group as compared with either the isoflurane
or halothane group, MAP was greater initially
and Pvg.'s, which reflect the overall relation-
ship between ) and Vo, were similar. With
blood loss, MAP, Q, and Pvg, were well
maintained early in either CaHe group but
eventually decreased to a greater extent than
with either isoflurane or halothane. These
changes were accompanied in the CaHe groups
by the earlier appearance of increased con-
centrations of E and L and lesser pH and
BB values at a total loss of 40 ml/kg.

The hemodynamic observations for individ-
ua! dogs in the CaH&/SCh and halothane
groups are displayed in figures 2 and 3. The
findings in these groups were selected for
comparison on the basis of representation
of the extremes of the range of responses.
In addition to emphasizing the prolonged
survival and better maintenance of hemo-
dynamics at comparable degrees of blood re-
moval with halothane, these observations il-
lustrate that in both groups when death
occurred the cardiac outputs were similar, and
also that in the CsH&/SCh group this output
was reached earlier and in association with
a higher MAP.

Although these hemodynamic and meta-
bolic responses were qualitatively similar to
those previously observed, the actual con-
centrations of E and L in the present study
were less.2 One possible explanation of this
was that this finding reflected a systemic
difference between results obtained by the
total catecholamine method of the previous
study and the current, more sophisticated
E and N analysis; this possibility, however,
was excluded by obtaining satisfactory agree-
ment between results obtained for duplicate
samples by the two methods. Another pos-
sibility was that the difference was related
to a shorter time interval between blood re-
moval steps in the present (10 ml/kg/30 min)
as compared with the previous (10 ml/kg/60
min) study. Since significantly increased con-
centrations of E and L are uncommon prior
to a blood loss of 30 to 40 mlkg, a pilot
study was carried out to determine the in-
fuence of time alone on E and L concen-
trations after a single-step blood removal of
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FIG. 2. Cardiac outputs () before and after pro-
gressive bleeding (10 mlkg/30 min) in individual
dogs during anesthesia with either CsHe/SCh (open
circles) or halothane (closed circles).
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F1G. 3. Mean arterial pressures (MAP) before and
after progressive bleeding (10 mUkg/30 min) in
individual dogs during anesthesia with either
C3He/SCh (open circles) or halothane (closed
circles).

35 ml/kg. With CsHe/SCh, this resulted in
progressive, parallel increases in E and L;
concentrations of both surpassed those ob-
served at even greater total blood-removal
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FIG. 4. Arterial concentrations of
L 6 epinephrine (solid lines) and lactate
pmole/ml (dashed lines) at different times
(---) after removal of 35 mlkg blood dur-
ing anesthesia with either CsHe/
SCh (open circles) or halothane
(closed circles) (one dog each).
I} |
6
HOURS AFTER BLOOD REMOVAL
(35 mi/kg)
150
100 4
MAP ql o' Fic. 5. Mean arterial pressures
. 2 (MAP) and cardiac outputs (Q) at
mm Hg L/min/m different times after removal of 35
(—) 1 (---) ml/kg blood during anesthesia with
50 2 either CsHe/SCh (open circles) or
halothane (closed circles) (one dog
each).
0 . 1 . ! 0
0 2 4

HOURS AFTER BLOOD REMOVAL

(35 mi/kg)

values in the incremental studies (fig. 4).
In this situation, hemodynamic functions de-
teriorated progressively, and death occurred
5 hours after blood removal (fig. 5). With
halothane, the concentrations of E and L did
not change significantly with blood removal
or passage of time, and hemodynamic values
stabilized at a new level of MAP and Q
without evidence of deterioration (figs. 4 and

5). These findings clearly suggest that, after
blood removal, time and the anesthetic drug
have important influences on E and L
concentrations.

Although increased concentrations of E and
L clearly were involved in these differences
in responses to unreplaced blood loss, the
individual effect of each could not be as-
certained from the blood-removal studies
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TaBLE 2. Response to Lactic Acid Infusion (Five Dogs Each, 37 C, C3He/SCh)

Lactic Acid Infused (mE/0 Min: Mean = SE)
Variable None 136= 24 872 16
Arterial lactate, umol/ml 3.54 0.33 6.96 0.26 10.51 0.46
Epinephrine, gg/l 1.13 0.18 0.82 0.05 0.95 0.10
Norepinephrine, pg/l .20 0.03 .20 0.04 026 0.04
pH 728 0.02 7.16 0.01 6.98 0.03
Buffer base, mEq/l 39 1 31 1 24 1
Arterial pressure, mean, mm Hg 135 11 138 10 129 10
Q. Umin/m? 3.31 0.37 2.81 047 2.58 0.52
Voz, mi/minskg 6.39 0.31 6.59 0.50 6.63 0.65

alone. In each group, E and L concentrations
were directly related, and this relationship
was not significantly different between
groups. The regression equation calculated
by the method of least squares from all ob-
servations was

L (umol/ml) = 2.66 + 0.41 = 0.03 E (ug/l).

Because it was conceivable that the chain
of events could involve either an increased
E concentration leading to an increased L
concentration or vice versa, infusion studies
were performed in the absence of unreplaced
blood loss. In the first of these, two levels
of lactic acidemia were created by appropriate
intravenous infusions of lactic acid. The
degrees of lactic acidemia extended beyond
the range of L concentrations observed in
the blood-removal studies and resulted in
neither increased concentrations of E or N
nor deterioration of hemodynamic or meta-
bolic values (table 2). Accordingly, it was
concluded that the increase in E concentra-
tion in the blood-removal studies was not
secondary to an increased concentration of L
and that the increase in L concentration—con-
ceivably an indication of deterioration—was
not the cause of death.

The converse of this question—whether in-
creased concentrations of E, N, or E plus
N result in increased L concentrations—was
examined in six additional infusion studies
during anesthesia with either CaHe/SCh
or isoflurane. Isoflurane was used for this
comparative study rather than halothane in
order to lessen the possibility of inducing
arthythmias with infusion of E.2 Infusion of
N alone in amounts sufficient to increase
the concentration to the extent observed in
the blood-removal studies did not result in

an increased L concentration (table 3). In-
fusion of E alone did result in an increased
L concentration and, overall, the relationship
between E and L concentrations created by
infusion of E was direct, significant, and not
different from that observed in the blood-
removal studies. The response of L to infusion
of E plus N was not significantly different
from that with E alone. The regression equa-
tion calculated from all observations in these
infusion studies was

L (umol/ml) = 3.84 + 0.32= 0.06 E (ug/).

This relationship between L and E was not
significantly different from that established
in the blood-removal studies (fig. 6). Q, Voa,
and MAP were determined in all of these
studies, but they are tabulated only for the
studies wherein E plus N was infused, for
the sake of both brevity and cogency (table
3). Although extensive analysis of these ob-
servations is limited by the fact that only one
dog was studied in each circumstance, the
data do suggest that elevated concentrations
of E, N, and L will not by themselves lead
to the hemodynamic and metabolic deteriora-
tion occurring when these concentrations exist
in conjunction with hypovolemia.

Discussion

In 1961, Smith and associates® claimed,
on the basis of clinical and laboratory ob-
servations, that hypoveolemia was tolerated
better during halothane than during cyclo-
propane anesthesia. This claim challenged
the traditional view developed by Hershey
and associates® that CsHs was, by virtue of its
salutary effects on the microcirculation, a
nearly ideal agent for the management of
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cases of hemorrhagic shock. This position
was also supported by Price and associates,*

w ho stated that their findings with CsHs

. . agree well with the clinical impression,

that cvelopropane is the anesthetic agent of
choice in the presence of hemorrhagic and
traumatic shock.” This conclusion was based
on the demonstration in man that CsHs, as
compared with halothane, results in increased
sympathetic nervous system reactivity and
better preservation of arterial blood pressure
and heart rate.

To some extent, these divergent views are
the result of applving different yardsticks
to different experimental models. Smith and
associatesS based their unfavorable view of
CaHs on survival studies in dogs in which
the blood volume was severely depleted (as
much as 50 per cent) and on responses in
severely injured patients. Hershey and as-
sociates? based their favorable view of CsHs
on microcirculatory studies in animals in
which blood loss had been “. . . as high as
4%"" and some clinical studies of responsive-
ness to blood transfusion therapy. Price and
associates® arrived at their favorable impres-
sion from observations obtained prior to minor
elective surgical procedures in otherwise
normal patients.

The present study is an extension of the type
of study initiated by Smith and associates.®
Our findings substantiate and expand those
of Smith and associates. The anesthetic agents
were selected to provide a range of sympatho-
adrenal reactivity, CsHe/SCh offering the
greatest range and isoflurane and halothane

R. A. THEYE, L. B. PERRY, AND S. M. BRZICA, JR.
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the least.®1° Average survival times correlated
inversely with the relative sympathoadrenal
reactivity associated with the particular agent
and lesser survival times were associated with
the earlier appearance of increased concen-
trations of E and L.

The use of plasma concentrations of E and
N as indices of sympathoadrenal activity in
studies of this type is regarded by others
as most appropriate.!! In the blood removal
studies, E and L concentrations were directly
related and infusion studies suggested that
an increase in the concentration of E was
the precursor of an increase in the concentra-
tion of L. In the absence of hypovolemia,
however, establishment of increased concen-
trations of E and L did not result in the
hemodynamic and metabolic deterioration
seen in the blood-removal studies. Such
deterioration was dependent not only on the
anesthetic agent and the total blood loss but
also on the mere passage of time in the absence
of further blood removal.

These findings are compatible with current
concepts of the potential role of the sympatho-
adrenal system in response to hemorrhage.
Taken together, they suggest the following
hypothesis. With minor degrees of hypo-
volemia and activation of the sympathoadrenal
system, the combined effects of epinephrine
and norepinephrine tend to maintain arterial
blood pressure by constrictor effects on certain
precapillary sphincters. These effects increase
the total peripheral vascular resistance and
positive inotropic and chronetropic cardiac
activity which, in turn, lessens the decrease

TasLe 3. Epinephrine (E), N hrine (N), and Lactate in Individual Dogs before and with
of E + N during Anesthesia with Cyclo-
Epi- Norepi- Epi- Norepi-
nephrine | nephrine Lactate nephrine | nephrine Lactate
Infusion (egl) (e} (ss/ml) Infusion [ (/) (zm/mD)
CaHe/SCh 0 14 0.3 3.8 0 05 02 37
Norepinephrine 1.8 0.7 3.1 Epinephrine 1.4 02 42
Norepinephrine 1.8 08 27 Epinephrine 24 02 5.0
Norepinephrine L7 0.8 27 Epinephrine 34 .2 5.6
Norepinephrine 1.7 1.8 2.7 Epinephrine 35 0.4 62
Norepinephrine 2.0 L2 26 Epinephrine 128 05 6.8
Isoflurane 0 04 0.1 0.7 Epinephrine 1.0 0.3 2.6
Norepinephrine 0.4 .2 09 Epinephrine 2.0 0.3 2
Norepinephrine 04 0.3 0.5 Epinephrine 14 0.4 36
Norepinephrine 03 0.7 0.3 Epinephrine 4.1 0.1 48
Norepinephrine .2 12 03 Epinephrine 74 03 5.8
Norepinephrine 0.1 25 0.6 Epinephrine 126 0.1 71
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Fic. 6. Comparison
of relationship between
blood lactate and plasma
epinephrine for all obser-
vations in blood-removal 4r-
studies (solid line) and in-
fusion studies (dashed
line). 3

LACTATE -
pmole/ml

£ Infusion
y=3.8+0.32X%
-
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\8lood Removal
y= 2.7+ 0.41X

L 1 L J—

in cardiac output occasioned by the reduction
in filling pressure.! The major sites of in-
creased resistance and reduced blood flow
are presumably skin, muscle, and kidney,
and there are no known unfavorable sequelae
of minor reductions in blood flow to these
tissues. It can be argued that such a response
is desirable in that cerebral, coronary, and
splanchnic blood flow are thus preserved
and that blood volume restoration rapidly
causes blood to flow again in the temporarily
ischemic tissues. Although this response is
unquestionably important in the survival of
the wounded man distant from medical inter-
vention, it would appear to be less important
for an anesthetized surgical patient in whom
hypovolemia would tend to be concealed.

With major hypovolemia and activation of

8 16
EPINEPHRINE pg/L

the sympathoadrenal system, the developing
pattern is one of early maintenance of arterial
blood pressure, based almost entirely on in-
crease in peripheral vascular resistance, but
late decline of pressure and deterioration
of cardiac output (fig. 5). The exact mecha-
nisms responsible for this pattern have not
been elucidated by the present study and are
not known to us. Possibilities include deleter-
ious effects of the lactic acidemia on myo-
cardial and other organ functions, hypoxic
deterioration and disorganization of the micro-
circulation, and in-vivo decreased circulating
blood volume, with sludging and stagnation
of blood in slowly perfused capillary beds.

Irving® reached similar conclusions from a
series of studies in which a different approach
was used. His findings are worth reviewing.

Infusion of E, N, or E + N, and Cardiac Output, Oz Uptake, and Mean Arterial Pressure with Infusion

propane (and Succinylcholine) or Isoflurane

Epi- Norepi- Cardiac Mean Arterial

nephrine | nephrine Lactate Output 0z Uptake Pressure

Infusion [ (11 {(awml | (Umin/m?) | (mVminkg) {mm Hg}
0 0.8 0.1 4.9 5.6 71 116
N inephrine + epinephrine 12 0.3 5.3 5.9 6.8 137
Norepinephrine + epinephrine 23 0.5 6.1 5.0 6.3 130
Norepinephrine + epinephrine 2.8 0.5 6.7 5.9 8.1 120
Norepinephrine + epinephrine 6.7 0.7 75 4.3 6.7 129
Norepinephrine + epinephrine 13.0 1.4 76 4.6 8.0 167
Norepinephrine + epinephrine 035 0.1 12 2, 5.8 90
Norepinephrine + epinephrine 0.8 0.4 25 38 73 88
Norepinephrine + epinephrine 14 0.4 3.9 45 82 111
Norepinephrine + epinephrine 29 0.6 5.6 4.1 6.7 96
Norepinephrine + epinephrine 52 0.7 7.0 4.2 7.8 99
Ni i hrine + epinephrine 10.9 19 7.9 48 84 110
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Sheep and dogs, anesthetized with thiopental
and bled to a fived arterial pressure of 35
to 45 mm Hg (Lamson hydrostatic bottle),
showed, with the passage of time, the picture
of progressive hemodynamic and metabolic
deterioration and eventual death that was
associated in the present study with CsHe/
SCh and a blood loss of 35 mlkg. This course
of events was accelerated by the administra-
tion of either metaraminol (6 to 7 pg/kg/min)
or epinephrine (1.2 pg/kg/min); it was not
modified by celiac ganglionectomy in animals
with intact adrenal glands. Denervation of the
adrenals did not improve the tolerance to
hypotension but did prevent development
of lactic acidosis. Neither alpha-blockade
(phenoxybenzamine, 1 mg/kg) nor beta-block-
ade (propranolol, 7 xg/kg/min) alone improved
the tolerance to hypotension. However, when
both alpha blockade and beta blockade were
achieved by administration of these drugs
in combination, tolerance was greatly im-
proved: all five dogs and 14 of 16 sheep
treated prophylactically in this manner sur-
vived what was normally a fatal procedure.
Sheep receiving an epinephrine infusion in
addition were similarly protected. In these
animals lactic acidemia did not occur. These
beneficial effects could be achieved only
by establishing blockade prior to inducing
hypotension. Irving® emphasized not only the
contributory role of sympathoadrenal factors—
particularly alpha and beta receptor activity—
to the irreversibility of hemorrhagic shock
but also the concept that the *. . . lactic
acidosis of haemorrhagic hypotension results
from the action of both circulating and tissue
catecholamines upon intracellular enzyme
mechanisms rather than from hypoxia itself.”
We add our support to these views.212

The practical implications of this material
seem clear. Hypovolemia and hypotension
should always be avoided; when present they
should be promptly corrected. When using
anesthetic agents capable of enhancing sym-
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Jactic acidemia cannot be equated with ade-
quate cardiac output, tissue blood flow, and
oxygenation.
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