Comparison of the Effects of Equieffective Concentrations
of Anesthetics on the Force of Contraction
of Isolated Perfused Rat Hearts:

Correlation with the Equieffective Anesthetizing Partial Pressures
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C fons of chloroform, halothane, meth-
oxyflurane and diethyl ether necessary to depress
the force of contraction of the isolated rat heart
by 50 per cent in the saline medium perfusing
the heart at 29 C were 6.5, 6.9, 9.0 and 328 mg/
100 ml, ively. By making certain
tions the partial p of these hetics re-
quired to depress the heart to the same extent at
37 C were calculated and were found to be (mm
Hg): chloroform, 4.1; haloth 12; h
flurane, 3.25; diethyl cther, 56. In terms of vol-
ume per cent, the concentrations required to de-
press the force of contraction by 50 per cent at
37 C would be 0.54, 1.58, 0.43, and 7.4 per cent,
r ively ‘The calculated partial g
were divided by the corresponding partial pres-
sures required (1) to prevent response to a pain-
ful stimulus in dogs,® (2) to prevent a muscular
response to skin incision in 50 per eent of a group
of patients,® and (3) to anesthetize 50 per cent of
goldfish® all at 37 C. On the basis of the ratios
obtained and the 7 made, it
that at a particular level of hesia chlorof
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agent has yet been found to satisfy this cri-<
terion. However, intelligent use of anesthetic 3
drugs requires a knowledge of the degrees of 3.
undesirable effects to be expected at giveng
levels of anesthesia.

This paper reports an attempt_to_rate_vari- 2
ous anesthetics according to the severity of o
one of these undesirable actions, direct myo-
cardial depression, at a particular level of an-
esthesia. The partial pressure of nmsthelicé
required to produce a constant depression in g
myocardial contractility in the isolated per-3
fused rat heart was determined. This was re-?
lated to the partial pressure necessary to S
achieve particular levels of anesthesia in the X
dog,! human,? and goldfish.* On the basis of g
the relationships seen, it appears that at the §
same depth of anesthesia there would be more 13
direct myocardial depression with chloroform &
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produces most direct cardiac depression, and the
ethers, methoxyflurane and dicthyl ether, produce
the least, with halothane assuming an intermedi-
ate value. To what extent the anesthetic-induced
cardiac depression would be modified by com-
pensatory hormonal and neuronal influences in
vivo is not known. (Key words: Heart; Con-
tractility; Anesthetics; Halothane; Chloroform;
Methoxyflurane; Diecthyl ether; Partial pressure.)

AN 1IDEAL ANESTHETIC would produce only an-
esthesia. Any other action is undesirable. No
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than with halothane, and still less with meth-
oxyfl and diethyl ether.
Methods

Male rats weighing 149 to 355 g were killed
by decapitation. The hearts were quickly re-
moved and attached to the perfusion appa-
ratus via the aorta. The time between sacri-
fice and start of perfusion was approximately &
three minutes. The perfusate consisted of a g
modified Krebs-Henseleit solution* bubbled g
with 93 per cent O.—5 per cent COs. Per- 5
fusion height was maintained at 60 cm above o
the cannula. The temperature of the perfusate $
was kept constant at 29 C. At this tempera- §
ture the force of contraction remains relatively 3
constant for several hours. The heart was >
stimulated electrically at a rate of 180/min
through two stainless steel electrodes placed
in the perfusate surrounding it. Other details *
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TasLe 1. Concentrations of Anesthetics in Perfusate Required to Produce Approximately

50 Per cent Depression of Force of Contraction of Isolated Perfused Rat Hearts at 29 C 9
=z
First Sample Second Sample Third Sample 2
Experi- a
ment Force of Force of Force of 3
No. A Contrac- | _(mg/ B Contrac- | (ug/ C Contrue- | (mz/
(min)* | tion | 100m) | Guin)t | “tion [ 100mD) | Gmin)} | son | 100ml) F
{per cent), (percent) (per cent). 3
Halothane 1 48 52 5.8 9 52 a8 S 351 EX 3 _%-
2 25 a1 7.8 7 5 8.9 15 50 6.9 =
3 46 49 7.0 27 al 6.5 3 49 69 9
4 63 52 6.7 50 7.2 4 46 7.6 R
@
Meax 3l 6.9 52 7.1 49 6.7 5
a
Chloroform 1 95 56 7.6 14 51 6.5 S 33 7.8 3
2 37 30 73 S 50 76 8 50 w6 =
3 82 30 6.5 5 50 .2 5 48 6.5 8
1 68 30 16 7 50 16 9 50 31 3
o
]
MeaN 32 6.5 a0 6.2 50 68 3
=
Methoxy- 2
flurane 1 a3 52 6.9 10 al 7.8 7 48 s1 2
2 69 18 9.9 s 50 10.1 7 19 9.9 &
3 27 47 S8 9 54 2 | 1L 50 96 5
1 5t 48 9.0 7 48 89 3 46 91 =
=)
Meax 19 8.7 51 9.0 18 2 2
o
Diethyl ether 1 67 48 | 37 s 15 | 318 6 4 | @
2 88 46 206 7 46 303 7 44 309 B
3 138 46 276 6 16 272 6 46 274 N
4 33 52 379 6 a 394 5 45 388 ©
N
Meax 4 | 522 49 | 329 7 a2 8
Y
* Time hearts were exposed to anesthetic prior to first sample. ]
1 Time elapsed between first and second samples. S
1 Time elapsed between second and third samples. @
N
Tasre 2. Caleulated Partial Pressures of Anestheties Necessary to Produce a 50 Per cent )
Decrease in Force of Contraction of Isolated Perfused Rat Heart at 20 C 3
=)
Concentration in Coneentration in S
Perfusate av 20 C Airin Equilib- {::u'ﬁnl Pressure S
Pt 1°, N + uim wi <alind ANecessary ford
No.of | cvat Decressata | pVater/Ggs | Saline/Gas | RiCilary for 50 | per cont Decrease S
fearis | “Foreof Con- | e 3020 Cx | efiiene st 20 OF | BEERL S (MU RS0 2
(mg/100 ml traction at 20 C3 | (mm Hx) g
=SE) (/100 m) ks
Chloroform 1 6.5 06 47 15 14 2.2 g
Halothane 4 69x 05 1.1 1.0 6.9 6.6 Q
Methoxyflurane 4 9.0 0.5 6.0 5.7 1.6 1.8 2
Diethyl ether 4 328 24 23.2 220 149 38.1 o
=1
* Calculsted from data in figure 1. ]
1 Assumed to be 5 per cent less than water/gus partition coefficient. Larson ¢ al® reported that the Ps
partition coefficient for halothane between saline and gas was 5 per cent less than that between water and =
gas at 37 C. N
1 Calculated from saline/gas partition coefficient. N

§ Calculated from Ideal Gas Law: PV = nRT.
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Number
of the perfusing system have been reported
previously.*

After an equilibration period ranging from
32 to 101 minutes, chloroform, halothane,
methoxyflurane or cther was bubbled into the
perfusate in sufficient concentration 1o keep
the force of contraction depressed by 50 per
cent. The techniques involved have been de-
seribed previously.s-5 Three samples of per-
fusate were taken from each heart while it
was depressed 50 per cent. Four hearts were
used with each anesthetic. Following this
procedure the hearts were perfused with fresh
Krebs~Henseleit medium. Recovery of force
of contraction 15 minutes later averaged 93
per cent in the hearts exposed to chloroform,
halothane and diethyl ether, and 95 per cent
in those exposed to methoxyflurane.

The method for determining the concentra-
tion of anesthetic in the perfusate has been re-
ported previously.4 3 It involved extraction of
the anesthetic from the saline perfusate into an
equal amount of tetrachlorethylene, with sub-
sequent analysis using a Barber Coleman ther-
mal conductivity gas chromatograph. Extrac-
tions of chloroform, halothane and methoxy-
flurane were essentially complete. However,
only 91 per cent of the ether present in the
saline perfusate was extracted by the tetra-
chlorethylene. Therefore, the ether values ob-
tained were corrected by dividing by 0.91.

The relationships between concentration of
chloroform, halothane and methoxyflurane in
water at room temperature and their corre-
sponding vapor pressures in the gas phase
above the water in a closed system were de-
termined.  Various concentrations of anesthetic
were mixed with water in a separatory funncl
connected to a mercury manometer. Changes
in partial pressure on introduction of anes-
thetic were correlated with anesthetic concen-
tration in the water phase. Analysis of anes-
thetic concentration in water was the same as
described above.

Results

Following an appropriate equilibration pe-
riod the force of contraction was measured.
This value will be called the initial value.
Anesthetic was then administered into the per-
fusate by means of the previously described
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anesthetistat.#* 5 Adjustments were made orQ
the anesthetistat until, at a constant settings
the force of contraction was observed to reo
main constant at approximately 50 per cent o
the initial force for a period of 5-10 min. TheZ;
time required vared from 25 to 138 mi =)
(table 1, column A). The force of contracs
tion was then measured, and a sample of per:c
fusate taken for analysis of anesthetic concensd
tration (table 1). Following a period of 5-27
min (table 1, column B), the force of con-‘”
traction was again recorded and a second sama
ple of perfusate obtained for analysis of anes:r
thetic. During time interval B minor nd]ustﬂ
ments were made in the anesthetistat whe
necessary to maintain the force of conlmcbmg
at approximately 50 per cent depression. Fm
nally, another period of 4-15 min (table l;—
column C) was allowed to elapse before th@
foree of contraction was again recorded and :6
third sample of perfusate analyzed for anes=<
thetic. During time interval C minor adjustS,
ments in the anesthetistat were made ocmg
sionally to maintain the force of cunl:r.lchm‘EJL
at appro‘am'\te]v 50 per cent depression. Th'\t;
the force of contraction and anesthetic con~,b
centrations varied little during the three snm-b’
ple periods is taken as evidence for thz%
achievement and attainment of a reln!we]\m
stable steady state. 4
The mean concentrations in the saline pero
fusate of chloroform, halothane, met}lO\'\o
flurane, and diethyl ether required to depre«g
the force of contraction by 50 per cent werd?
6.5, 6.9, 9.0 and 328 mg/100 ml, respectivelyQ
(table 2). To relate the concentrations hiﬂ
those required for achievement of pnmcu]'uo
levels of anesthesia, it was desirable to t:on-D
vert the values to partial pressures (mm Hg)D
One can do this if one knows the salme/g'hbJ
partition coefficient at 29 C (putting the ang
esthetic into the gas phase, then com‘ertmsb-
the concentration of anesthetic in the gag
phase into mm Hg partial pressure, assuming
the anesthetic behaves as an ideal gas an(
obeys the gas law, PV=nRT). UnfortuZ
nately, saline/gas partition coefficients at 29 @
could not be found. ater/gas partition coS,
efficients, calculated at different temperature$s
from the data presented by Cherkin and®
Catchpool,? are seen in figure 1. (The ideal

o) radlll)
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Fic. 1. \Water/gas partition coefficients as a

function of temperature. Values from 5 to 30 C
calculated from data of Charkin and Catchpool.?
Valalilz of 0.74 at 37 C is from paper by Larson
ct

gas law PV =nRT was used to convert the
vapor pressures of the anesthetics to concen-
trations in the gas phase which would be at
equilibration with saturated solutions of the
anesthetics in water. Partition coefficients
were then determined by dividing the con-
centration of each anesthetic in the aqucous
phase by its equilibrium concentration in the
gas phase.) As can be seen, there is a linear
relation between the logarithm of the partition
coefficient and temperature. For these calcu-
lations Henn’s law was used. One form of
this law states that the mass or concentration
of gas in solution is related to the partial pres-
sure (or concentration) of the gas above the
solution in a closed system at equilibrium.
Figure 2 shows that this law holds for chloro-
form, halothane and methoxyflurane in water
at room temperature up to the saturation con-
centration. Thus, for each of these three an-
esthetics the water/gas partition coefficients is
independent of concentration. Calculations of
water/gas partition coefficients from the vapor
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pressure and solubility data in the paper bgg
Cherkin and Catchpool ® as depicted in figure
1 therefore should be valid. The situation
with diethyl ether is perhaps not so firmly
grounded. Eger ct al.* found a small increasgs
in the water/gas partition coefficient at 37 G
with high ether concentration. Increasing th%
ether concentration from 4.1 to 56 per cent:
increased the partition coefficient from 13.0%
to 14.2. An interaction of the unshared elec}’
tron pairs of the ether oxygen with wate%
molecules may account for this. Thus, thes
water/gas partition coefficients for ether cal®,
culated from the saturation concentration :m&g
vapor pressure data from Cherkin and Catch3
pool? may be slightly higher than would bed
seen at the concentrations of ether used i
our experiments. This is probably no greatery
than 5-7 per cent, however, and was not
taken into consideration.

The water/gas partition coefficients at 29
in table 2 were interpolated from figure 1 fos
diethy] ether, methoxyflurane and halothane,?
and extrapolated for chloroform. The partiS
tion cocfficient for halothane at 37 C (0.742
fig. 1) is that given by Larson ¢t al,* and$
agrees with the expected linear extrapolatedd
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Fic. 2. Relationships of vapor p of an-N

esthetics to concentrations in water in a closed
system at equilibrium at room temperature {251
C for halothane; 24.5 C for chlorofonn and meth-
oxyflurane).
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Tasre 3. Partial Pressures of Anesthetics Required to Produce Equipotent Cardiac g
Depressant and Anesthetic Effects at 37 C §

Cardiac Depression Anesthesia Aunesthesia, g

{rat)* (mi ¥ig) (dog)t (mm Hg) (man)$ (mm H) (guldﬁsh)i (mm HQ®

Chloroform 41 5.9 — 336 3
Halothane 12 6.6 5.85 412 3
Methoxyflurane 3.25 1.7 1.21 0.67 =
Diethyl ether 56 23.1 14.59 13.0 g
Q

* Calculated on the assumption that the slope of the partial p urve {uce 50 pcnﬁ)

cent depression of cardiac contractility as a function of temperature for lbc isolated perfi uscd rat heart is the.
same as the slope of the curve relating the partial pressure to anesthetize 50 per cent of goldfish as a func(mrﬁ

of temperature?
t Data from Eger f al.3*
1 Data from Saidman ¢ al.2
§ Data from Cherkin and Catchpool.?

value of Cherkin and Catchpool. Saline/gas
partition coefficients at 29 C for the various
anesthetics (table 2) were assumed to be 5
per cent less than the corresponding water/
gas values, because Larson ¢t al.® found the
saline/gas partition coefficient for halothane to
be 5 per cent less than the water/gas partition
coefficient at 37 C.

Using these calculated saline/gas partition
coefficients, the partial pressures of chloro-
form, halothane, methoxyflurane and diethyl
ether necessary to cause a 50 per cent de-
crease in contractile force were 2.2, 6.6, 1.8,
and 38.1 mm Hg, respectively (table 2).

Table 3 shows the partial pressures of the
anesthetics required to produce equipotent
cardiac depressant effects in rats and equi-
potent anesthetic effects in dogs, humans, and
goldfish at 37 C. The partial pressures re-
quired to produce 50 per cent depression in
cardiac contractility in the rat at 37 C were
calculated from the data obtained at 29 C
and corrected to the values expected at 37 C,
assuming the slopes of the curve relating an-
esthetic pressure required to anesthetize 50
per cent of goldfish as a function of tempera-
ture? to be the same as that relating partial
pressure to depress cardiac contractility as a
function of temperature. The third column in
table 3 shows the partial pressures of the anes-
thetics necessary to prevent response to a pain-
ful stimulus in dogs.! The next column indi-
cates the partial pressures required to prevent
muscular response to a skin incision in 50 per
cent of a group of patients.* The last column

UB/WO09"JIeyo.:

shows the extrapolated partial pressure needed
to anesthetize 50 per cent of goldfish at 37 C.

The ratios of the partial pressures of anes
thetics required to produce 50 per cent deu
pression of cardiac contractility in the rat to
the partial pressures required to produce anesg
thesia in dog, man and goldfish at 37 C ard
depicted in table 4. In most cases the ratio i&
greater than one, indicating that anesthesi:X
can be produced without depressing contracs
tility by 50 per cent. With chloroform in thel
dog, however, a ratio of less than one indi}
cates depression of contractility greater th:mm
50 per cent at anesthetic levels. The ratio lﬂm
Towest for chloroform and highest for the t\\uo
ethers (methoxyflurane and diethyl ether).m
with halothane having an intermediate valued
Providing our previous assumptions are mr—é
rect, it appears that the least cardiac dcprcﬁ-w
sion occurs with the ethers, with lnloth'mco
next and chloroform producing the most mr—o
diac depression at a given level of anesthesia.&

0|0ISH)Sd!

Discussion
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In a previous paper?® the concentration ofS
chloroform in the saline medium required to€
depress the force of contraction of the isolated2
rat atria at 27 C was found to be 6.1 = 0.258
mg/100 ml. This is in close agreement withS
the value of 6.5 = 0.6 mg/100 ml reported inzg
this paper for the perfused rat heart at 29 C.>
Likewise, the value of 6.9 = 0.5 mg/100 ml=
for halothane reported here is close to theo
value of approximately 6 mg/100 m), also at®
29 C, previously reported.t Tn the latter pa-
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Latios of Partial Pressures Required to Produce 50 per cent Depression of Cardiac
Contractility in the Rat to Partial Pressures Required to Produce Anesthesia in Dog,
Man and Goldfish at 37 C

Anesthesiology
October 1969

Partial Pressure to
Depress Rat Hears

Partial Pressure to
Anesthetize Dog

Partial Pressure to

Depress Rat Heart

Partial Presaure to
Anesthetize Goldfish

Partial Pressure to
Depress Rat Heart
Tartial I'ressure to
Anesthetize Man

Chloroform ! 0.69
Halothane .82
Methoxyflurine 1.91
Diethyl cther ' 2.42

L2
291
1.85
4.41

per, a blood/saline coefficient of 3.3, calcu-
lated at 37 C, was assumed to hold true at
29 C also. Thus, a saline concentration of
6 mg/100 ml would be equivalent to a blood
concentration of 19.8 mg/100 mL Blood lev-
els of 17.9 to 20.3 mg/100 ml were found
necessary to anesthetize a dog just sufficiently
to produce a loss in the pain reflex of the foot
pad.# It was concluded, therefore, that “if the
dog behaved like the rat, one might conclude
that surgical anesthesia with halothane would
result in a 30 per cent decrease in contractile
force.” That the isolated hearts were at 29 C
and the dogs at 37 C was not taken into con-
sideration, however. Cherkin and Catchpool 3
have shown that for halothane a ten-degree
increase in temperature requires approxi-
mately a doubling of the partial pressure re-
quired to produce anesthesia in the goldfish.
Eger et al.? found a similar result in the dog.
Although not vet tested, it is likely that car-
diac depression with halothane is also a func-
tion of temperature. In this report it was as-
sumed to follow the same slope as that found
by Cherkin and Catchpool in anesthetizing
goldfish.* Based on that assumption, the par-
tial pressure necessary at 37 C to depress the
rat heart by 50 per cent would be 1.82 times
greater than that required to prevent move-
ment in response to a painful stimulus in the
dog (table 4). Therefore, at a partial pres-
sure of halothane just sufficient to produce
this degree of anesthesia in the dog, one
would expect less than a 50 per cent decrease
in the force of contraction, assuming that rat
and the dog responded similarly to the same
partial pressure of halothane.

It may be noted that in the last column of
table 3 the same figures for this ratio wonld

osaA|1s Zese//:dny Wouy papedjumoq

hold if, instead of calculating the partial pres—g
sure to depress the rat heart at 37 C from thei'
slope of the curve relating temperature to nn—:l
esthetizing partial pressure in the goldfish, asy
was done, we had used the goldfish data at‘;z
29 C for the various anesthetics and divided3
it into the partial pressure needed to depressg:
the rat heart at 29 C. Thus, insofar as theS
goldfish at 29 C is concerned, it appears thats:
at equal levels of anesthesia cardiac depres-2:
sion would be most scvere with chloroform,®
least with the cthers, and intermediate withg
halothane. That the same would hold at 37 C®
in the goldfish as well as in the other spccxesb
is subject to further experimentation. Furt.her»
evidence for this rating may be obtained f-romm
the experiments of Robinson ct al.10 They r&m
ported the following partial pressures of anes-g
thetic required to anesthetize 50 per cent ofa
shrimp larvae at 20 C: chloroform, 1.4 mmo
Hg; halothane, 2.3 mm Hg; dicthyl ether, 6. S-h
mm Hg. Dividing these partial pressures intos
the calculated partial pressures of these same3
anesthetics required to produce 50 per centy
depression of cardiac contractility at 29 Co
gives the following ratios: chloroform, 1.6 (‘,o
halothane, 2.9; diethyl ether, 5.6. Thereforc,
the same rating applies to the shrimp larw lcw
as to the other species reported above. !
In summary, and subject to the assumptionsZ
stated above, it appears that in various species@
production of similar levels of anesthesia is®
accompanied by similarly varying degrees ofg
inhibition of cardiac contmetility, with chloro-a
form producing the most, the ethers, mekllow->
flurane and diethyl ether the least, and halo-2.
thane an intermediate amount of cardiacy
depression.  The actual degree of cardiac de—§
pression seen in vivo, however, would be a
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function not only of the partial pressure of
anesthetic but also of compensatory humoral
and neuronal components. Since these com-
ponents are absent in the in vilro perfused
heart we cannot predict the actual degree of
in vito cardiac depression from these studies.
What we have attempted to identify are the
relative degrees of direct cardiac depression
to be expected at the same depth of anesthesia
with the four anesthetics tested, prior to and
in the absence of compensatory adjustments.

Halothane( Fluothane) was supplied by Ayerst
Laborateries.  Methoxyflurane (Penthrane) was
supplied by Abbott Laboratories. The authors are
grateful to Mr. Gene Ice, a High School Science
Institute student, for technical assistance.
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Drugs

LEVARTERENOL IN INFLAMMATION A sterile inflammation was insti-
tuted in dogs by injection of 10 per cent calcium chloride into the muscles of the
thigh. Four days later blood flow to that leg was increased and A-V oxygen differ-
ence was decreased. There was no change in oxygen consumption. The increased
blood flow, through dilated capillary beds or arteriovenous shunts, may contribute
to high-output cardiac failure. Levarterenol was given by infusion in an amount
sufficient to raise the blood pressurc 10 to 20 mm Hg. This reduced the blood flow
in the inflamed leg to normal, and brought A-V difference and oxygen consumption
toward normal. This study demonstrates that catecholamines may reduce the arterio-
venous shunting of blood in inflamed tissues. (Hopkins, R. W., and others: Effects
of Levarterenol on Blood Flow in Inflammation, Arch. Surg. 97: 1032 (Dcc.) 1968.)
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